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Abstract 
The production of valuable chemicals from agricultural residues via catalytic processes has the 
potential to increase the revenue of agricultural industries and reduce society’s dependence on 
declining fossil fuel resources. The drive to decrease the consumption of and reliance on fossil 
fuel resources is due to both economic and environmental reasons. Adverse ecological 
ramifications of the extensive consumption of fossil fuel resources include proliferation of non-
biodegradable goods and rising atmospheric CO2. 
Platform chemicals are usually derived from non-renewable resources and can be 
considered the fundamental molecular building blocks necessary for the production of numerous 
classes of synthetic goods, including fuels, polymers, solvents and pharmaceuticals. An 
alternative source of platform chemicals is now required in order to increase the sustainability of 
chemical industries. A substitute source of fixed (chemically organic) carbon is essential for the 
manufacturing of renewable platform chemicals. Biomass is the most suitable and perhaps the 
only feasible source of renewable fixed carbon. Carbon fixed and stored in biomass usually 
originates from atmospheric CO2, which has been sequestered during photosynthesis. 
Lignocellulosics are the most abundant type of biomass, and are mainly composed of 
entwined carbohydrate (i.e., cellulose, hemicellulose) and aromatic (i.e., lignin) polymers. 
Among possible lignocellulosic biomass resources, agricultural residues (such as sugar cane 
bagasse) are particularly economically and practically attractive, often having pre-existing 
collection and processing infrastructure. Millions of tonnes of agricultural by-products could 
presently, or in the foreseeable future, be considered low-cost raw materials for the fabrication of 
chemicals or production of energy and heat. The Australian sugar industry has millions of tonnes 
of bagasse and molasses available, which can potentially be converted to higher value products 
such as platform chemicals. 
Furanics are a class of platform chemicals that can be produced thermochemically 
(catalytically) from carbohydrates in a wide range of systems. This class of compounds and their 
derivatives, including levulinic acid (LA), 5-hydroxymethylfurfural (HMF), furandicarboxylic 
acid and furfural, are considered promising biomass-derived chemicals, as are the related 
compounds 5-chloromethylfurfural (CMF), 5-bromomethylfurfural (BMF) and 
ethoxymethylfurfural (EMF). These high-energy organic compounds can be obtained in 
relatively good yields from biomass and subsequently converted to a range of useful compounds. 
Previous studies on CMF production from carbohydrates using biphasic solvent 
hydrolysis systems have principally focused on the optimisation of solvents and processes. On 
the basis of this work, the project presented herein examined the effect of sugar cane bagasse 
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biomass composition and architecture on CMF yield. The use of concentrated strong mineral 
acids and chlorinated solvents in this hydrolysis procedure may limit the industrial feasibility of 
this biphasic solvent system. The project also examined the use of heterogeneous catalysis on the 
formation of HMF from molasses, as this system would circumvent the use of strong mineral 
acids and chlorinated solvents. 
An initial study was conducted to first evaluate the production of furfural and CMF via 
the hydrolysis of glucose, xylose and their mixture (model compounds for sugar cane bagasse), 
and to develop a quick and relatively simple method to simultaneously quantitate these analytes 
in situ. The concurrent hydrolysis of xylose and glucose lowered the yield of both processes, 
suggesting an increase in unwanted side reactions. The developed UV-Vis method required an 
additional derivatisation procedure, which led to a lack of resolution between HMF and CMF. 
The method was not suitable for the analysis of bio-oil derived from the hydrolysis of biomass. 
The proportions of glucan, xylan and lignin as well as the macro- and microscopic 
structure of biomass can be altered by pretreatment procedures. Bagasse pretreated with the 
reagents sodium hydroxide and sulphuric acid, and the ionic liquid (IL) 1-butyl-3-
methylimidazolium methylsulfonate were hydrolysed using a biphasic (HCl/dichloroethane) 
system. The effect of the changes in the characteristics of the biomass due to pretreatment on the 
subsequent hydrolysis was examined. Most notable was the positive correlation between biomass 
glucan content and furanic yield. The CMF yield was highest with the bagasse treated with the IL 
(81.9%), and increased lignin content of the biomass was found to correlate with a significant 
decrease in CMF yield (62.3%). An increase in the proportion of hemicellulose within the 
biomass also negatively impacted CMF production. The efficiency of the hydrolysis reaction is 
affected by pretreatment via changes in both the fibre surface and alteration of the macroscopic 
biomass composition. 
Solid residues remaining after CMF production accounted for more than 45% of the total 
mass of the original biomass (on a dry basis). Analysis revealed the predominance of lignin 
substructures, having modified and/or condensed humic configurations. The carbon-13 nuclear 
magnetic resonance spectrum confirmed the presence of aromatic compounds in the residue and 
their dissimilarity from lignin. Mannich reactivity of the residue was found to be lower than that 
of sugar cane bagasse soda lignin, indicating that the residue may not be suitable for similar 
value-adding applications. The residue has a higher calorific heating value (20.3 MJ/kg) than 
untreated bagasse (18.3 MJ/kg), and could probably be used in combustion boilers for energy 
production. 
Sugar cane molasses hydrolysed, under similar conditions previously used for bagasse, 
resulted in a CMF yield of 81.2%. This value is comparable to the CMF yields obtained from 
bagasse pretreated with the IL (81.6%) and is higher than that obtained that from untreated 
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bagasse (74.1%). A 10-fold increase in biomass (i.e., molasses) loading did not significantly 
affect CMF production and resulted in a small yield reduction of approximately 4%. 
Data regarding the stability of furanic bio-oil are necessary for informed process design; 
hence, the degradation of commercial CMF, as well as crude and purified bio-oils in a number of 
solvents, were monitored using proton nuclear magnetic resonance. The results from the study 
showed that the storage of bio-oil in chlorinated solvents averts CMF degradation. 
The use of solid (heterogeneous), as opposed to liquid (homogeneous), acid catalytic 
systems is potentially beneficial due to their non-toxic nature and the energy savings stemming 
from their ease of separation and their reusability, as well as from reductions in the amount of 
waste requiring treatment. Tungstated zirconia, niobic acid and sulfonated amorphous carbon-
based catalysts (derived from sugar cane bagasse and molasses) were examined for the 
hydrolysis of synthetic molasses (i.e., an aqueous solution of sucrose, glucose and fructose) to 
HMF. A comparison of the inorganic catalysts showed niobic acid (34.1%) to be more effective 
than tungstated zirconia (23.7%) for HMF production at 150 °C after a reaction time of 4 h. 
Comparatively, hydrolysis with the organic catalysts under these conditions gave a HMF yield of 
39.1% for bagasse-derived and 30.1% for molasses-derived sulfonated carbon catalyst. The 
maximum rate of hydrolysis varied with use of different catalyst types and occurred earlier with 
the use of the organic-derived catalysts. Humin production and deposition onto the catalyst 
surface is probable and would reduce the activity of the catalyst for HMF production. 
The use of sugar cane molasses as a raw material for the production HMF was examined 
and yields of 19.9% and 14.5% of HMF were acquired for niobic acid and tungstated zirconia, 
respectively. These values were far lower than those obtained using synthetic molasses, 
prompting an investigation of the effect of molasses pretreatment using HCl, H2SO4 and formic 
acid. The pretreatment process removed calcium oxalate and silica from molasses, as revealed by 
X-ray powder diffraction. Yields of HMF increased to 39.8% with the use of the heterogeneous 
catalysts and formic acid purified molasses, and 31.4% without solid catalysts present. Further 
optimisation with formic acid on its own showed that with decreasing molasses pH (i.e., 
increasing addition of formic acid), the HMF yield increased to a maximum of 42.3%. When the 
pretreated molasses was diluted with water to half its original sugar concentration and then 
hydrolysed with the bagasse-derived catalyst, the yield of HMF was highest, at 64.5%. This 
significant increase in HMF yield was attributed to increased glucose isomerisation and 
decreased degradation of furanic products. 
The results of this study show the benefits of pretreating sugar manufacturing by-
products to improve the yields of CMF and HMF. Bagasse and molasses-derived amorphous 
carbon catalysts can be used to produce HMF from pretreated molasses with yields comparable 
to those of traditional heterogeneous catalysts. 
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1 Introduction 
This chapter contains the background (Section 1.1) and context (Section 1.2) for the study of the 
catalytic conversion of sugar manufacturing by-products to useful chemicals presented in this 
thesis. The purpose of the study (Section 1.3) and the research methodology/significance (Section 
1.4) are then presented, followed by a brief outline of the chapters in this thesis (Section 1.5). 
 
1.1 BACKGROUND 
Globally the vast majority of all energy, synthetic products and chemicals are currently sourced 
from non-renewable resources [1, 2] due to their historically low cost and abundance. However, 
declining fossil fuel resources, fluctuating oil prices, as well as, the increasingly apparent 
environmental impacts, such as rising CO2 levels [3] and the proliferation of non-biodegradable 
refuse, have helped drive the push towards a renewable resource economy. Although there are 
many promising alternatives for “green” energy production [4] (e.g., solar, tidal, hydro and 
wind), currently the only reasonable “green” fixed carbon reservoir is biomass [5-7]. As such, the 
production of fuels and chemicals from biomass has received increasing research interest in 
recent years. The majority of biomass is lignocellulosic material [8] which, unlike fossil-based 
resources (e.g., crude oil, coal, natural gas), is renewable and does not contribute to increasing 
atmospheric CO2, as the carbon is sequestered via photosynthesis.  
Production methods for fuels and platform chemicals from lignocellulosic biomass can 
be categorised as either biochemical or thermochemical. In decades past, biochemical processing 
has traditionally received the greatest attention, with many of these processes making use of 
saccharification (i.e., deconstructing polymeric biomass to simple sugars using acids or enzymes) 
and subsequent fermentation of these simple sugars to biofuels such as ethanol and butanol (i.e., 
the production of ethanol by yeast and/or enzymes). Currently, many biochemical processes, 
such as the production of cellulosic ethanol, are not fiscally competitive with analogous 
petrochemical operations due to feedstock (biomass, enzymes) and recovery costs; therefore, 
they are of limited commercial feasibility [9]. Cellulosic ethanol production is associated with 
significant additional cost compared to traditional ethanol production, owing to the pretreatment 
of biomass to make it amenable to enzymatic hydrolysis prior to fermentation [10]. General 
inefficiencies, such as low yields of pentose fermentation [11] and the one-third loss of carbon as 
CO2 inherently associated with the fermentation process, contribute to increased production 
costs. Thermochemical methods  offer a potentially more viable approach to the production of 
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biofuels and platform chemicals from biomass [12] than traditional biochemical processing 
methods [13, 14]. 
A promising route of thermochemical processing of biomass involves the production of 
high-energy organic liquid furanics, such as 5-hydroxymethyfurfural (HMF) and furfural [15, 
16], as well as related furanics such as 5-chloromethylfurfural (CMF) [17], 5-
bromomethylfurfural (BMF) [18] and ethoxymethylfurfural (EMF) [19]. 
 
1.2  CONTEXT  
The production of “green” chemicals (e.g., furanics) from biomass has the potential to increase 
the revenue of the agricultural industry, while reducing its dependence on fossil fuel resources. 
The sugar industry has large quantities of accessible and available renewable resources. In 
Australia, > 30 million tonnes of sugar cane is processed annually to produce approximately 4.5 
million tonnes of sugar – 80% of which is exported. The sugar manufacturing process also 
generates approximately 0.8 million tonnes of molasses (> 40% sugar content), which is used in 
animal feed and ethanol production. The residual fibrous material (i.e., dry bagasse) is used as 
low-cost fuel to generate process steam and electricity for sugar mills, with 33–45% remaining in 
surplus after these operations [20]. Bagasse and molasses can be converted into ethanol and other 
high-value products, such as commodity chemicals. The potential of these sugar manufacturing 
by-products is great, and the development of thermochemical methods for their production may 
not only provide a more efficient, low-cost alternative to biochemical methods, it may also result 
in reduced environmental impact. 
 Four useful platform chemicals detailed in the US Department of Energy’s ‘Top 12’ 
high-potential bio-based products that can be thermochemically derived from carbohydrates are 
levulinic acid (LA), 5-hydroxymethylfurfural (HMF), furandicarboxylic acid and furfural [21]. 
HMF, LA and furandicarboxylic acid can be produced via the chlorinated form of HMF, 5-
chloromethylfurfural (CMF) [22]. Mascal and Nikitin’s recently developed biomass-to-furanic 
catalysis methods [23]; it is yet to be applied to the production to bagasse or molasses. Acidic 
sulfonated amorphous carbon has been manufactured from molasses [24] and bagasse [25], and 
has been previously used in the production of biofuels from algae [24, 25]. In the project 
presented in this thesis, acidic sulfonated amorphous carbon was examined for its potential as a 
catalyst for the conversion of carbohydrates to HMF. The Australian sugar industry sees to 
benefit from the findings of this study, as additional revenue streams could potentially be 
generated through the conversion of bagasse and molasses to platform chemicals. 
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1.3 PURPOSE 
The overarching goal of the research project presented in this thesis was to investigate the 
catalytic processes for the production of furanics from sugar cane bagasse and molasses, and to 
determine the most efficient and effective method. Prior to the study of untreated and pretreated 
bagasse, the interaction of glucose and xylose (i.e., the major hexose and pentose units of these 
biomasses) and the effect of these units on the formation of furanics were examined. The sub-
objectives of the project were to: 
• examine the production of furanics from glucose and xylose mixtures using a 
homogeneous catalysis biphasic system 
• examine the production and recovery of CMF from sugar cane bagasse, bagasse 
pulps, and molasses using a homogeneous catalysis biphasic system 
• examine the hydrolysis of simple sugars and molasses to HMF using heterogeneous 
catalysts. 
 
1.4 RESEARCH METHODOLGY AND SIGNIFICANCE 
The research presented in this thesis examines the production of furanics from carbohydrates 
resulting from the processing of sugar cane. In the production of green chemicals, the cost of 
processing, not only in terms of the economic consequences but also the environmental effect, 
must be considered. Environmentally friendly processes often result in economic benefits; for 
example, employing milder operating conditions in turn leads to reduced capital equipment, 
maintenance, and energy costs. Additional savings can also be found in the reduced need for 
waste treatment, as well as the reduced cost of consumables. 
A systematic approach to the experimental program was used; carbohydrate-to-furanic 
reactions were first conducted using simple sugars, followed by mixtures of sugars, and finally 
biomass. The homogeneous biphasic acid hydrolysis method was used on both bagasse and 
molasses. Concentrated hydrochloric acid and dichloroethane (DCE) solvent was used in a 
biphasic system for the production of CMF under a range of processing conditions. Previous 
studies of CMF production via biphasic systems have principally focused on the optimisation of 
solvents and processes using different carbohydrate materials. Limited studies on the effect of 
biomass components on CMF formation have been conducted. In the project presented herein, 
the effect of the biomass components and biomass architecture on CMF yield was investigated. 
As such, the effect of untreated and pretreated sugar cane bagasse samples of different 
composition (containing different proportions of glucan, xylan and lignin) and structure on CMF 
formation was evaluated.  
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CMF darkens in colour upon storage, indicating it undergoes degradation. In the present 
study, the stability of CMF in different solvents was monitored over time. The intention was to 
identify the best method for CMF storage, which would allow the oil to be transported over long 
distances (e.g., from a manufacturing site). 
A number of solid acid catalysts were surveyed for viability in HMF production from 
carbohydrates. These solid acid catalysts, including samples produced from bagasse and 
molasses, were assessed for their ability to hydrolyse carbohydrates, tolerate impurities found in 
biomass, and couple with additional processing reactants, such as liquid acid. The more viable of 
the catalytic methods were then further developed by addition of co-solvents; further 
optimisation was conducted to maximise product yield and reduce reaction time.  
The primary gap in the current state of knowledge this research aimed to address was the 
viability of the application of hydrolysis techniques for the production of furanics from 
carbohydrate-based by-products of sugar manufacture. 
 
1.5 THESIS OUTLINE 
The background and context of the research has been briefly described, as have the aims and 
objectives, as well as the methodology used to achieve the research goals. A brief summary of 
the remaining chapters of the thesis follows. The relationship between the chapters is presented in 
Figure 1.1. 
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Figure 1.1 Flow diagram of relationship between chapters 
 
Chapter 2 reviews the current literature on biorefineries as alternatives to traditional 
petrochemical refineries to produce higher value chemical products, such as fuels and platform 
chemicals. The environmental and economic drivers behind biorefinery applications are 
discussed, as are feed materials utilised by biorefineries (i.e., biomass); specifically, the sugar 
manufacturing by-products bagasse and molasses. Based on the composition of these raw 
materials, the many high-value chemicals that can be produced are detailed. The major 
component of both molasses and bagasse are sugars (i.e., saccharides; mono-, di- and poly-) that 
could be converted, via sequential dehydration, to furanics. Furanics are a class of organic 
compounds considered to be renewable alternatives to those currently produced by petrochemical 
refineries. The final section of the review concerns catalytic methods for the production of 
furanics from saccharides, as well as technologies used in conjunction with these processes. The 
evaluation of the current literature includes discussion of the work of key authors or reviews on 
the subject, and critical evaluation of the catalytic methods for the production of furanics from 
sugar manufacturing by-products. Over recent years, a raft of enlightening reviews on catalytic 
methods for the conversion of biomass and its components to useful intermediates and products 
have been published [26-29]. Relevant information from these recent reviews is combined with 
the results of newly published research to provide a comprehensive picture of the current state of 
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knowledge. There is a growing trend towards application of heterogeneous catalysts for 
conversion of biomass due to their greater selectivity, lifetime and reusability [30], which stems 
from the ease of recovery and possibility of regeneration. Although a comparison of the methods 
covered in these reviews is difficult, due to the range of reaction conditions and raw materials, 
recent advances in the use of a promising sub-class of catalysts (functionalised amorphous 
carbon) is addressed. An outline of the gaps in the current knowledge concerning processing 
using this type of catalyst is also presented. Solid catalysts of this sub-type are capable of 
producing yields of reducing sugars and furanics comparable to that of other recently developed 
solid catalytic processes. 
Chapters 3 and 4 build upon Mascal and co-workers’ [17, 23, 31-33] biphasic acid 
hydrolysis system for processing biomass into furanics. This method is claimed to produce the 
highest yield of useful chemicals from biomass; as such, “the suitability of this method to the 
application of sugar manufacturing by-products”, rather than “a comparison of liquid catalytic 
techniques for the production of useful chemicals from biomass” was examined. These chapters 
address the current gap in knowledge concerning the possible application of this process to sugar 
manufacturing by-products; in addition, a more detailed examination of the various product 
streams is presented.  
Chapter 5 presents the heterogeneous catalysis of neat carbohydrate solution and 
molasses. A number of promising solid catalysts, including tungstated zirconia [34], niobium [35, 
36], and sulfonated amorphous carbon [37] (including catalysts prepared from bagasse [25] and 
molasses [24]), are examined for their potential for use in hydrolysis reactions for furanic 
production.  
Chapter 6 builds upon results from the heterogeneous catalysis of neat carbohydrate 
(Chapter 5) and extends the hydrolysis technique to molasses. Furanic production from molasses 
via heterogeneous catalysis required the development of pretreatment/purification methods, 
which are also presented in this chapter. 
Chapter 7 concludes the results of the research presented in the thesis, and presents 
recommendations for future research directions. 
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2 Literature Review 
2.1 BIOREFINERIES 
The undesirability of fossil fuels resources as raw materials for the production of energy and 
sythentic chemicals is becoming increasingly more apparent, with rising costs due to increasing 
demand and dwindling natural reserves [38]. Even without these supply issues, the 
environmental effects of extraction and processing of fossil resources are concerning [39]. 
Processing of fossil-based resources often results in the production of non-biodegradable goods 
and/or increased atmospheric CO2 [40]. The fossil fuel resources used by the petrochemical 
industry not only provide power but also raw material for the production of synthetic materials, 
including several classes of fuels and platform chemicals [2]. An alternative source of fixed 
carbon is required for the production of bio-based renewable chemicals for use as platform 
chemicals and fuels. 
Petrochemical refineries primarily function to: (a) fractionate the feed source; (b) convert 
these fractions to products or chemical intermediates; and, (c) process the chemical intermediates 
to further higher value products. Biorefineries function in a comparable fashion but utilise 
biomass, rather than fossil resources, as feedstock. Through thermochemical or biochemical 
conversion processes, biorefineries aim to produce synthetic chemical products [41]. More 
broadly, biorefineries can be defined as “an integrated pattern of farming and conversion 
activities capable of providing bioenergy and biomaterials as alternatives to fossil-based 
refineries, increasing jobs and income in rural areas” [42].  
There are a range of drivers behind the interest in biorefineries and associated 
technologies. Financial factors, such as the higher demand for energy and synthetic goods due to 
the economic development of highly populated countries like China and India [38], and 
environmental concerns, such as the build-up of atmospheric CO2 associated with the use of 
fossil fuels [40], are two such drivers. The importance of economic factors in the development of 
biofuels is exemplified by the increased interest and development of this field during the oil 
problems experienced in the 1970s [43]. 
Biorefineries can be classified using a number of taxonomic systems, including by raw 
material (Table 2.1). Using this taxonomy, “green biorefineries” is the term most relevant to the 
work presented in this thesis. Biorefineries making use of biomasses such as tobacco, flax straw, 
and the residues from bioethanol production have been proposed as potentially viable “green 
biorefineries” [44]. “Green biorefineries” make use of biomasses such as green plants, grasses, 
silage, and bioenergy crops (along with more traditional biomasses such as starch and sugar 
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materials, like cereals and tubers) as raw materials for the production of biofuels and biomaterials 
such as platform chemicals [45]. 
 
Table 2.1  Biorefinery types (feedstock taxonomy) 
Biorefinery 
classification Feedstock Predominate processes 
Green Wet biomass: green grasses and green crops, 
such as lucerne and clover 
Pretreatment, pressing, fractionation, 
separation, digestion 
Whole crop Whole crop (including straw) cereals, such 
as rye, wheat and maize 
Dry or wet milling, biochemical 
conversion 
Lignocellulosic Lignocellulosic-rich biomass (e.g., straw, 
chaff, reed, miscanthus, wood) 
Pretreatment, chemical and enzymatic 
hydrolysis, fermentation, separation 
Marine Aquatic biomass: microalgae and 
macroalgae (seaweed) 
Cell disruption, product extraction and 
separation 
Source: [46] 
 
 Platform chemicals can be considered the building blocks from which more complex or 
useful chemicals (e.g., plastics, biofuels, herbicides and pharmaceuticals) can be constructed [21]. 
To maximize the value of the feedstock, a biorefinery must produce multiple products by making 
use of the different components comprising the biomass [47]. For example, a biorefinery may 
produce a few high-value platform chemicals in low volumes, while also producing lower-value 
products, such as fuels, in higher volumes [48].  
The development of biorefineries and associated technologies are encouraged by 
government policies that introduce incentives to reduce reliance on non-renewable resources and 
increase production of bio-based chemicals and energy. These policies are becoming more 
common as we move towards a more sustainable economic system. The Australian bioenergy 
roadmap outlines plans to obtain 20% of Australia’s energy from renewable resources (with 18% 
of the renewable energy coming from biomass) and 20% of chemicals from bio-based renewable 
resources by 2030 [49]. Australia’s targets are slightly less ambitious than those set by the EU 
and the US, who aim to obtain 25% of chemicals from bio-based renewable resources by 2030 
[50]. It is expected that policies such as these will have a large effect on the new “bioeconomy of 
agriculture, environment and energy” and their centrepieces, biorefineries [51]. Thus far, large-
scale production of bio-based chemicals has been limited to crude biorefining processes, such as 
ethanol and biodiesel production. One of the reasons for this limited development has been the 
lack of a sustainable biomass supply chain [52]. 
A major drawback of traditional ethanol production methods is the reliance upon raw 
material, which may increase strain on food resources, usually by the direct use of consumable 
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sugars or competing for agricultural land and resources [10]. Cellulosic ethanol can overcome 
some of these issues; however, it too has drawbacks, with the main issue being the difficulty of 
readily obtaining fermentable sugars from lignocellulosic biomass [53]. Fermentation itself has 
inherent limitations, particularly in terms of efficiency and rate, which results in a dilute product 
stream and, in turn, costly isolation procedures [23]. These drawbacks combined with the 
undesirable properties of ethanol (e.g., volatility, relatively low energy content, hydrophilic 
nature and engine corrosion potential) have led to the search for additional biorefining 
technologies to supply the transport and energy sectors. Although ethanol production may not be 
the answer to depleting fossil-based resources, no biorefinery process is currently considered 
techno-economically efficient and sustainable [47]. Ethanol production is an example of a 
biologically based process. Biorefineries can be classed as biological or 
chemical/thermochemical (Table 2.2). Thermochemical biorefineries make use of chemical 
processes, whereas biological biorefineries make use of microorganisms or enzymes as catalysts 
to produce value-added products. 
 
Table 2.2  Comparison of biological and chemical catalysts 
 Biological catalysts Chemical catalysts 
Products Alcohols and acids A wide range of hydrocarbon fuels 
Reaction conditions < 70 °C, 1 atm 100–1200 °C, 1–250 atm 
Residence time 2–5 days 0.01 s to 1 h 
Selectivity Can be tuned to be very selective  
(> 95%) 
Depends on reaction. New catalysts 
need to be developed that are > 95% 
selective. 
Catalyst cost $0.50/gallon ethanol (cost for cellulase 
enzymes, and they require sugars to 
grow)  
$0.04/gallon of corn ethanol 
$0.01/gallon gasoline (cost in mature 
petroleum industry) 
Sterilisation Sterilize all feeds  
(enzymes are being developed that do 
not require sterilisation of feed) 
No sterilisation needed 
Recyclability Not possible Possible with solid catalysts 
Size of cellulosic plant 2000–5000 tons/day 100–2000 tons/day 
Source: [54] 
 
To increase the techno-economic feasibility of biorefining processes, they should be 
tailored to the individual feedstock (i.e., biomass) and location of interest [55]. 
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2.2 BIOMASS 
Since antiquity, humanity has relied upon lignocellulosic biomass as the raw material for 
materials and energy [40, 56]. During industrialisation this reliance shifted to fossil fuels, which 
now provide the bulk of raw material required for energy and synthetic chemical production. 
This shift has led to society’s dependence on fossilised biomass (i.e., fossil fuels/non-renewable 
resources) for the production of synthetic goods and energy for domestic or industrial use [57]. 
Modern society’s reliance on fossil resources is due to several factors, including their relatively 
low cost and perceived abundance; however, increased demand (stemming from population 
growth and modernisation) combined with rising prices and the increasingly apparent negative 
environmental effects (e.g., rising atmospheric CO2) has led to increased interest in finding 
alternative feedstocks [58]. 
An alternative source of fixed carbon is required for the production of platform 
chemicals and fuels, and biomass is thought to be the most appropriate and possibly the only 
feasible option [5-7]. Biomass is produced by plants, through CO2 fixation during 
photosynthesis, and is essentially biological matter in which solar energy has been stored [59]. In 
nature, the most abundant form of biomass is lignocellulosic [60], which is mainly comprised of 
cellulose, hemicellulose and lignin. The primary types of lignocellulosic biomass that are 
considered possible raw materials for biorefineries are: agricultural residues (including corn 
stover and sugar cane bagasse), dedicated energy crops, municipal waste paper, and wood 
residues [59, 61]. Agricultural and forestry residues are considered more promising than other 
feedstocks (such as municipal waste or dedicated energy crops) for the production of bio-based 
chemicals. This is due to agricultural and forestry residues often having collection and processing 
infrastructure in place, as well as their inherently low cost [62]. In current renewable fuel 
production processes, such as that used for the production of bioethanol, raw material (e.g., sugar 
cane and maize) accounts for 34% of the total production cost [63]. The non-food competitive 
nature of agricultural and forestry residues is also considered advantageous from a socio-
economic point of view [64, 65]. Despite the various social, economic and environmental 
advantages, until recently, entrepreneurs were hesitant to invest in technology for the production 
of fuel and platform chemicals from agricultural residues [63]. Due to recent advancements in 
biomass conversion technology, millions of tonnes of by-products and waste generated by 
agricultural industries are now considered potential alternative, low-cost raw materials for the 
production of energy and synthetic materials [66-69]. 
 
2.2.1 Sugar cane 
Sugar cane is a major crop in many countries. In 2014, the production of approximately 1.83 
billion tonnes worldwide [70] resulted in the unintended co-production of millions of tonnes of 
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biomass, in the form of bagasse, tops and leaves. Typically, approximately 280 kg of humid 
bagasse is produced for every ton of sugar cane processed [66]. In 1998, it was estimated that in 
excess of 100 million tonnes of bagasse (dry) was produced [71] alongside the approximately 1.3 
billion tonnes of sugar cane that year. In 2010, it was estimated that approximately 279 million 
tonnes of total biomass (i.e., bagasse tops and leaves) was produced [63] from the worldwide 
production of approximately 1.7 billion tonnes of sugar cane [70]. The biomass able to be 
sourced from sugar cane could be increased through the use of high-yielding crops, and this is 
currently a promising area of research [72]. It has been estimated that by 2022, 666 million tons 
of sugar cane bagasse will be produced each year, globally [47]. In 2011, Brazil was the largest 
producer of sugar cane, accounting for > 40% of worldwide production – more than double that 
of any other country [70] (Table 2.3).  
During 2010, the average global yield of sugar cane was 70.7 tons per hectare. The most 
productive sugar cane-producing region was Peru, with a national average of 125.5 tons per 
hectare [70]. Sugar cane has historically been grown in tropical and subtropical areas with 
adequate water supply; hence, most of the world’s sugar cane is cultivated between 22 °N and 
22 °S, although some sugar cane-growing regions are located further from the equator (up to 33 
°N and 33 °S) [73]. 
 
     Table 2.3  Main sugar-producing nations  
Country 
Sugar cane production, 
2011 (Tonnes) 
Brazil 734,006,000 
India 342,382,000 
China 115,123,560 
Thailand 95,950,400 
Pakistan 55,308,500 
Mexico 49,735,300 
Philippines 34,000,000 
United States of America 26,655,800 
Australia 25,181,800 
    Source: [70] 
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2.2.2 Bagasse 
Bagasse has long been considered an under-utilised sugar cane-derived resource/by-product [74], 
and other sugar cane residues, such as the leaves and tops of the plant, now join this list [63]. The 
by-products of the sugar manufacturing industry are considered attractive sources of fixed carbon 
(mainly in the form of carbohydrates) that could be used to generate valuable commercial 
products [63]. Sugar manufacturing by-products, such as bagasse, are abundant [69], cheap [75], 
centrally located [76], and have pre-existing infrastructure for processing [77]. The availability of 
vast quantities of sugar cane bagasse tops and leaves combined with the increasing feasibility of 
producing value-added products, such as platform chemicals and biofuels, from this resource has 
led to increased research and commercial interest in this field [69, 78-80]. Other factors that have 
contributed to the increased interest in these value-added products include their unique 
functionality, and the marketing opportunities afforded to them due to their environmental 
credentials stemming from the raw materials and processes used during manufacture [80]. 
Currently, the most economically significant use of bagasse is as a cheap source of 
energy in boilers [63] for the production of sugar and alcohol [69], as well as pulp and paper [81]. 
It has been recently estimated that sugar mills use only 50% of bagasse for energy generation, 
with the remainder being returned to the environment [68]. The use of bagasse as a fuel is set to 
increase [82], with the introduction of government targets for the production of bio-energy from 
bagasse. An example of such a target is that of Australia, which intends to use bagasse burnt in 
electricity co-generation plants to produce 3,165 GWh of bioenergy by 2020; achieving this 
target will make it the single biggest contributor to Australia’s bio-energy production [49]. 
Although the use of bagasse as a fuel for direct combustion is common and environmentally 
advantageous (over the use of coal), the variable composition and moisture of bagasse, along 
with its low density, make it a less-suitable fuel source for combustion [83].  
Approximately 5–10% of total worldwide paper production uses agricultural by-products 
as a raw material [84], making this the second most common use of bagasse. The proportion of 
paper produced from bagasse is higher in developing countries, where it is estimated that 20% of 
paper is produced from this source [85]. Interest in using bagasse as a raw material for paper 
production is also increasing in developed countries, such as Australia [86]. Although its use as a 
feedstock for direct combustion and in pulp manufacturing appear to be the near-term future for 
bagasse, its use as a raw material in processes such as hydrolysis and as a feedstock for the 
production of biofuel and other value-added products would be an effective strategy to maximize 
the value of bagasse [63, 74] in the longer term. 
The most well-known value-added chemicals that can be produced from bagasse are 
bioethanol and furfural. Bioethanol produced from bagasse or sugar cane tops and leaves is 
considered a second-generation fuel [69, 78], and is of economic importance, especially when 
produced in combination with other value-added products [69, 78, 87, 88]. The importance of 
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producing additional value-added products alongside bioethanol is due to the fact that the 
production of bioethanol alone is not technically advanced enough to be cost-competitive [63]. 
Problems associated with bioethanol production and other biological processes (i.e., fermentation 
and enzymatic catalysis) are their inherently low efficiencies, limited reaction conditions, long 
processing time frames, and limited scale of production [89-91]. Even with these issues, few 
commodity chemicals can be feasibly produced using biological processes [90, 92]. Value-added 
products that could be biochemically produced from bagasse include commercially significant 
commodities, such as xylitol, enzymes, organic acids, antibiotics, and single-cell proteins [69, 
93]. The technology to convert bagasse into these products already exists and could be 
implemented [63], and value-added products could be derived from or are related to those 
produced from methods traditionally used as pretreatments. During bioethanol production, 
products such as xylose, arabinose, mannose, galactose and glucose (from degradation of the 
hemicelluloses fraction), as well as furanics, phenolics and weak acids, are produced by acid 
hydrolysis. Many of these compounds are considered fermentation inhibitors, and should be 
eliminated prior to fermentation to increase the yield of ethanol [93, 94]. Currently, substantial 
effort is being invested into the identification of chemical processes that can be used to convert 
biomass into bulk organic chemicals [64].  
Organic products from sugar cane biomass include p-coumaric acid: a phenolic acid 
derived from bagasse by alkaline hydrolysis at 30 °C, followed by purification over anion 
exchange resin [95]. One promising class of organic chemicals that could be produced from 
biomass are the furanics; this class of chemicals includes 5-chloromethylfurfural (CMF), 5-
hydroxymethylfurfural (HMF) and furfural [23], which are described in more detail in Section 
2.3 of this thesis. The production of furfural from bagasse has received more interest than other 
furanics due to the long history of furfural production from agricultural residues, which has led to 
the process being quite well understood [96] and resulted in the commercialisation of such 
processes [97]. Sugar cane bagasse has also been used in less sophisticated processes, such as the 
removal of heavy metal ions from waste water [98] and as a raw material for the production of 
bio-char [81]. The most abundant component of bagasse is cellulose; as such, many chemicals 
are derived from this fraction [99], including high-value plastic (i.e., cellulose acetate), which can 
be produced via fractionation by steam explosion, followed by further processing [100]. 
Bagasse is an example of a lignocellulosic agricultural residue; such residues are 
typically made up of 35–55% cellulose, 25–35% hemicellulose, 15–30% lignin, and minor 
amounts of organic (e.g., proteins, lipids) and inorganic materials (ash) [101]. The variation in the 
make-up of agricultural residues such as bagasse is not only due to the plant species and variety 
but also plant age, growth conditions [101], location, climate conditions, fertilizers used, and soil 
composition (both physical and chemical) [102]. Analysis methods are also known to affect the 
results of sugar cane biomass compositional analysis [103]. These factors make it difficult to 
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generalize when it comes to biomass, but the major components of bagasse and sugar cane leaves 
are generally considered to be (percentage dry matter) glucan (41.4, 33.3), xylan (22.5, 18.1), 
arabinan (1.3, 3.1), galactan (1.3, 1.5), mannan (3.4, 1.5), and lignin (23.6, 36.1), respectively 
[104]. The lower ash content of bagasse (2.4%), compared with other agricultural residues such 
as rice straw (17.5%) or wheat straw (11.0%), is considered advantageous [69] as ash has a 
propensity to interfere with some biorefining processes [93]. 
 
2.2.2.1 Cellulose 
The major component of lignocellulosic biomass, and consequently the most abundant organic 
polymer globally, is cellulose [105]. It is considered the most uniform and ordered of the three 
major biopolymers (i.e., cellulose, hemicellulose and lignin) comprising lignocellulosic biomass 
[26]. Cellulose is a large polysaccharide (Figure 2.1) made up of between several hundred and 
tens of thousands of β-(1,4)-glycosidic linked D-glucose units, often found in the form of 
crystalline nanoﬁbres [106].  
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Figure 2.1 Cellulose structure 
 
The linkages of these units are important and has a significant effect on the structure, and 
consequently the physical and chemical properties, of the material [107]. The effect of alternative 
bonding schemes can be exemplified by a comparison of cellulose with starch. Starch, like 
cellulose, is comprised of D-glucose units linked through glycosidic bonds; however, in starch 
these bonds take the form α-(1,4) or α-(1,6) [108], as opposed to the β-(1,4) form observed in 
cellulose. The different glycosidic bonds allow the formation of different three-dimensional 
structures; thus, the solubility and relative reactivity of the two polymers are also vastly different. 
For example, starch transitions from crystalline to amorphous in an aqueous solution of 
approximately 60–70 °C, whereas a temperature of 320 °C at 25 MPa is required for cellulose to 
become amorphous [109]. In cellulose, the units are tightly bound by both intramolecular and 
intermolecular hydrogen bonding [26]. The actual hydrogen bonding found in a region of 
cellulose determines the crystallinity of the structure at that area. There are many different 
possible hydrogen-bonding schemes, resulting in many possible polymorphs of cellulose. Six 
Non-reducing end group Reducing end group 
 
Chapter 2: Literature Review 
 Page 15 
interconvertible polymorphs of cellulose (I, II, III1, III11, IV1 and IV11) have been identified, 
with further research revealing one of the classes (cellulose I; i.e., natural cellulose) to be a 
mixture of a further two polymorphs (cellulose Iα and cellulose Iβ) [110]. 
The large size of the cellulose molecule results in a large average molecular weight, 
generally considered to be in the range of 300,000 to 500,000 [111]. Cellulose nanofibres are 
structurally ordered into larger fibrils by the actions of inter- and intra-molecular hydrogen 
bonding and van der Waals forces [111]. The crystallinity of cellulose leads to resistance to 
hydrolysis; hence, catalysts (usually acidic) are needed to facilitate these reactions. Cellulose can 
also be thermally degraded at temperatures of 240–350 °C [112]. Within biomass, the cellulose 
fibrils occur in a matrix of lignin and hemicellulose, which are together know as lignocellulose. 
The characteristics of hemicellulose and lignin vary more widely than cellulose, with respect to 
the type of biomass [53]. 
 
2.2.2.2 Hemicellulose 
Hemicellulose is a branched polysaccharide, which is bound to cellulose through van der Waals 
forces and hydrogen bonds [113]. Hemicellulose, unlike cellulose, is not found in crystalline 
forms; hence, it is less resistant to acid hydrolysis [53] and degrades at lower temperatures [112]. 
The main saccharide unit of hemicellulose is xylan, with lesser amounts of arabinan, galactan and 
mannan units also present [114]. The main structure of hemicellulose is a xylan linear backbone 
of β-(1,4)-linked D-xylose units (Figure 2.2) with side chains of other saccharide units [113]. 
Sugar cane bagasse contains a particularly high concentration of xylose, with > 85% of the 
hemicellulose typically comprised of xylose units [115]. 
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Figure 2.2 Hemicellulose structure 
 
Xylose is a reducing aldopentose monosaccharide, which is found in nature as D-xylose, 
mainly as a monomeric constituent of the biopolymer hemicellulose. The thermodynamically 
favourable cyclic hemiacetal form of xylose is more prevalent in solutions, although both 
pyranose and furanose forms are possible. The furanose form is of much higher energy; hence, is 
generally seen only in small amounts (approximately 1%) in aqueous solution under standard 
conditions [116]. The α-pyranose form is of higher energy than β-pyranose; consequently, about 
65% [116-118] of xylose is present in the β-pyranose form, though α-pyranose has been reported 
to comprise as little as 29% [119] or 37% [117] of the total content (Figure 2.3). Xylose can be 
used as a raw material for the production of the biofuels/green chemicals furfural [120], ethanol 
[121] and biodiesel [122]. 
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Figure 2.3 α-Pyranose (left), β-pyranose (right) structures 
 
Arabinose is a five-carbon reducing monosaccharide containing an aldehyde functional 
group. Unlike most other sugars, arabinose is usually found in the L-form in plants and animals: 
D-arabinose is rarely found in eukaryotes [123]. The carboxyl can react to give hemiacetals 
containing a five- or six-membered ring, either in the α- or β-conformation. The pyranose 
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isomers are more thermodynamically favourable than the furanoses due to pyranose being able to 
take the lower energy chair conformations (Figure 2.4). 
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Figure 2.4 α-L-Arabinopyranose (left) and β-L-arabinopyranose (right) structures 
 
The distribution of the isomers analysed by nuclear magnetic resonance (NMR) 
spectroscopy in D2O was found to be 60% α-arabinopyranose, 35.5% β-arabinopyranose, 2.5% 
α-arabinofuranose, and 2.0% β-arabinopyranose [116]. 
 
2.2.2.3 Lignin 
Lignin is the second most abundant polymer on Earth, after cellulose, and consists of highly 
branched, substituted aromatic complexes [124] linked to hemicellulose and cellulose through 
hydrogen bonds, ionic interactions, ester and ether linkages, and van der Waals interactions 
[124]. Lignin imparts structural support, impermeability, and resistance to microbial attack [125], 
and can be thought of as being comprised of the three primary monomers (Figure 2.5), coniferyl 
alcohol (guaiacyl propanol), coumaryl alcohol (p-hydroxyphenyl propanol) and sinapyl alcohol 
(syringyl alcohol), with alkyl−aryl, alkyl−alkyl, and aryl−aryl ether bonds linking the phenolic 
monomers [126]. 
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Figure 2.5 Lignin monomer structures 
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Some of the more notable differences between lignin and the other major components of 
lignocellulosic biomass is that lignin is much more complex. It consists of a three-dimensional 
biopolymer of phenyl-propane units, and has relatively greater hydrophobicity and aromaticity 
than cellulose or hemicellulose [26]. 
 
2.2.3 Pretreatment  
Pretreatment of lignocellulosic biomass renders the carbohydrate components accessible for 
further processing [53] by reducing the physical and chemical resilience of the material [127, 
128]. Lignocellulosic biomass pretreatment originated a century ago with acid hydrolysis and 
steam explosion techniques [47]. Recently, many other techniques have been developed, as 
pretreatment has been recognised as one of the main bottlenecks in biofuel production [47]. 
Pretreatment processes are significant, affecting downstream processes and greatly influencing 
the yield and cost of biofuel production [129]. The reduction in physical and chemical resilience 
of the lignocellulosic material during pretreatment is often accomplished by the removal of lignin 
and hemicellulose; this process reduces the crystallinity of the cellulose portion and increases the 
porosity of the material. Pretreatment processes should cost-effectively improve the formation of 
monosaccharides or the availability of saccharides within the lignocellulosic biomass, while 
avoiding the loss or degradation of carbohydrates and the formation of by-products that could 
inhibit further processing [126]. A substantial increase in the removal of lignin and 
depolymerisation of hemicellulose is possible during pretreatment of agricultural residues [130]. 
Some pretreatment methods include organic solvents, alkaline hydrolysis, biological treatment 
(e.g., growth of white rot fungi or delignifying microorganisms over the lignocellulosic residues), 
acidic pretreatments and ILs (ionic liquids) [125, 129]. 
Alkaline and bio-delignification pretreatment methods rely on the removal of lignin as 
the major mechanism in the improvement of biomass for subsequent processing [63]. Many 
biological methods are considered less desirable than thermochemical processes [56, 129], due to 
long processing times and large reactor sizes [131]. Reagent recycling processes and simple 
reaction vessels made possible by use of thermochemical processing methods are vital for their 
economical viability [47, 132]. The reaction conditions of some of the more common 
pretreatment processes are presented in Table 2.4.  
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Table 2.4  Potential processes for pretreatment of lignocellulosic biomass 
Process 
Main 
catalyst 
Temp 
(°C) 
Time Catalyst:
biomass 
(w/w) 
Solid: 
liquid 
(w/w) Comments Ref. 
Lime Ca(OH)2 100 60 min 1:10 1:10 Comparatively 
safe and low 
cost 
[133] 
Liquid hot 
water 
H2O 160–
230 
10–
20 min 
10:1 1:10 High 
temperature 
requirement 
[134, 
135] 
Biological Microbes 
or 
enzymes 
30–50 1–28 
days 
1:10 1:4 Very slow and 
requires sterile 
conditions 
[136] 
Soaking in 
aqueous 
ammonia 
NH3 or 
NH4OH 
60 12 h 1:1 1:6 NH3 
recovery/safety 
[137] 
Dilute acid 
H2SO4 or 
HCl or 
HNO3 or 
H3PO4 
120–
190 
20–
60 min 
1:10 1:10 Acid corrosion 
of equipment 
[138] 
Source: Reproduced from [47] 
 
The large number of pretreatment methods is owed to the fact that no one method can be 
said to be the absolute best due to the diversity of possible feedstocks and range of desired end 
products [55, 139]. 
 
2.2.3.1 Physical/Mechanical Comminution 
Biomass comminution is the process of breaking lignocellulosic biomass into smaller fragments 
by mechanical means. The comminution of biomass not only decreases the particle size of the 
material but often also reduces crystallinity [140]. Energy requirements for comminution 
procedures are often high [141], and are determined by the final particle size requirements as well 
as biomasses characteristics [142]. Agricultural residues can be comminuted during harvesting 
and other processes, as is the case with bagasse. Further comminution by chipping, grinding, 
and/or milling can be carried out, as occurs with other types of biomass [143].  
 
2.2.3.2 Aqueous Pretreatment Methods 
Pretreatment techniques that make use of high temperature and/or high-pressure water, including 
auto-hydrolysis and steam explosion [47], are some of the oldest and most well understood 
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pretreatment methods [55]. During these treatments, the biomass is subjected to high temperature 
and/or pressure for a short time, followed by rapid release of pressure and cooling, which aids in 
the breaking of polymeric bonds [47]. Physical forces acting on the biomass during this process 
are complemented by chemical ones; for example, the liberation of acetic acid from 
hemicellulose, which facilitates further hydrolysis reactions [129]. A double-step steam 
explosion method has been developed, where hemicellulose is extracted in the first steam 
explosion step, and depolymerised in the second step [144]. Acids have also been added to 
improve the efficiency of depolymerisation during steam explosion [145]. 
 
2.2.3.3 Acid Treatment 
Acidic treatment of lignocellulosic biomass works by disrupting the covalent bonds, hydrogen 
bonds, and van der Waals forces of the cellulose/hemicelluloses/lignin matrix, increasing the 
porosity of the material; hence, improving the accessibility of cellulose [29, 146-149]. Reagents 
used for the acid treatment of biomass include mineral acids such as HCl, H2SO4 and H3PO4 
[150], and organic acids such as malic [148], acetic, formic [151, 152] and oxalic acid [153]. 
 
2.2.3.4 Alkaline Treatment 
Bases can be used for the pretreatment of lignocellulosic biomass; however, the effectiveness of 
such methods largely depends on the lignin content of the material [53, 154]. The main action of 
alkaline pretreatment involves the breaking of ester and glycosidic bonds, as well as the 
solubilising of lignin [155, 156]. This leads to (partial) structural changes in the main fractions of 
the lignocellulosic material (i.e., cellulose, hemicellulose and lignin) [47]. Alkaline biomass 
pretreatment methods, particularly those using harsh conditions, are similar in mechanism and 
process as those used for pulping [29]. Alkaline pretreatment often requires lower temperatures 
(often ambient conditions) and longer times (hours or days) than many other pretreatment 
processes [157]. Alkaline pretreatment processes also cause less sugar degradation than acidic 
pretreatment processes, and many of the caustic salts used for alkaline pretreatment can be 
recovered or regenerated [126]. Sodium, potassium, calcium and ammonium hydroxides can be 
used as alkaline pretreatment agents [158]. NaOH is the most common and most well studied of 
these agents [69, 159, 160]. 
Treatment of lignocellulosic biomass with dilute NaOH increases the internal surface 
area of the material, while decreasing crystallinity and polymerisation. This process disrupts the 
lignin structure and the linkages between lignin and carbohydrates, mainly as a consequence of 
induced swelling [154]. NaOH treatment has been used to improve bagasse [161], wheat straw 
[162] and wood [163], among other biomass types, by increasing susceptibility to further 
processing. Another alkaline treatment reagent is ammonia [164]; ammonia treatments include 
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ammonia recycle percolation, soaking in aqueous ammonia, ammonia hydrogen peroxide 
treatment, and ammonia fibre expansion (AFEX), the latter of which is combined with processes 
similar to that of steam explosion [47]. AFEX is of particular interest, as it produces biomass 
with low moisture content and degradation products than many other pretreatment processes at a 
lower temperature, and is able to completely recover the solid fraction of biomass [129]. The 
disadvantages of AFEX include safety concerns and the cost of recovering reagents [157]. One of 
the lowest cost alkaline treatment processes is lime pretreatment, partly because lime can be 
recovered with CO2 [47]. 
 
2.2.3.5 IL Treatment 
ILs are generally defined as salts that melt at or below 100 °C, resulting in liquids composed of 
ions [165]. ILs are usually organic salts with large, asymmetrical, organic-based cations with a 
delocalised charge, resulting in a much lower melting point than simple salts [166]. Interest in 
this new class of solvents has increased over recent years [167]. Ethylammonium nitrate was the 
first reported room temperature IL, with a melting point of 13–14 °C, and is formed by the 
neutralisation of ethylamine with concentrated nitric acid [168]. Some other common examples 
of these ILs include salts of organic cations, such as alkylimidazolium, alkylpyridinium, 
tetraalkylammonium and tetraalkylphosphonium, and anions, such as hexafluorophosphate, 
tetrafluoroborate, nitrate, methanesulfonate (mesylate), trifluoromethane sulfonate and bis-
(trifluoromethanesulfonyl)imide, as well as several low-melting salts, including chloride, 
bromide and iodide [169]. Lignocellulosic biomass can be treated with ILs to improve 
susceptibility of the substrate to further reactions [154, 168, 170-174]. 
A major mechanism in the pretreatment of lignocellulosic biomass using ILs is cellulose 
solubility. Using this method, the hydrogen bonds between polysaccharide chains are disrupted, 
decreasing the compactness of cellulose and making the carbohydrate fraction more susceptible 
to hydrolysis [169]. The interaction of ILs with cellulose is due to the high dipolarity of IL, large 
dispersion forces and strong hydrogen bonds [175]. ILs can also dissolve the other major 
components of lignocellulosic biomass [176] (i.e., lignin and hemicellulose), again making the 
carbohydrate fraction more susceptible to hydrolysis. The dissolved cellulose can be precipitated 
and separated from lignin and hemicellulose by the addition of anti-solvents such as water [177]. 
Treatment in this way effectively increases the cellulose fraction and reduces the crystallinity of 
the biomass. ILs commonly used for lignocellulosic material treatment have cations based on an 
imidazolium or pyridinium ring with one or more alkyl groups attached to the nitrogen or carbon 
atoms [178]. It has been found that higher Lewis acidity in ILs tends towards the selective 
production of reducing sugars [179]. Currently, the main drawbacks of  IL pretreatment include 
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issues with their recyclability[180], cost [157, 180] and the impact of IL residues in the pretreated 
biomass during further processes [181]. 
 
2.2.3.6 Organosolv Treatment 
Treatments for biomass that make use of organic or aqueous–organic solvents are known 
collectively as organosolv treatments; these methods can be carried out either with [182] or 
without catalysts [183]. Common solvents used in organosolv processes include ethanol, 
methanol, ethylene glycol, glycerol, ethers, phenols and ketones, whereas inorganic acids like 
hydrochloric acid and sulfuric acid, as well as organic acids like oxalic acid, acetylsalicylic acid 
and salicylic acids are used as catalysts [47]. The main effect of organosolv treatment is the 
extraction of lignin [184]; however, the crystalline structure of cellulose is also altered in the 
process [185]. Organosolv treatments can be combined with other pretreatment methods for 
improved efficacy [47]. The main drawback of this type of processing technique is the high cost 
of solvents and reactors, as well as the formation of degradation products when acid catalysts are 
employed [56]. 
 
2.2.4 Molasses 
Molasses, another by-product produced as a result of sugar manufacturing that is of inherently 
higher value than bagasse. This value makes molasses less attractive as a feedstock; however, its 
liquid state and simpler (i.e., monomeric or dimeric) sugars simplifies processing and drastically 
lowers related costs, when compared with bagasse. Molasses is a viscous by-product of sugar 
manufacturing, usually from sugar cane or sugar beets. Sugar cane is first harvested and then 
milled to extract the juice. This juice is then clarified before being concentrated in evaporator 
units. The sucrose is crystallised and separated from the concentrated juice. The thickened juice 
that remains after sugar extraction is known as molasses. 
 Molasses is used in a variety of ways, and many of these exploit its calorific value 
(approximately 12 kJ/g) [186]; uses include as cattle [187] or poultry feed [188], in yeast 
manufacturing [189], and as an ingredient in ground-bait [190]. Although the use of molasses in 
ground-bait is mainly due to the presence of sugar, the biodegradable and viscous nature of 
molasses is also appealing, and has led to its use as an ingredient in insecticides [191]. The sugars 
in molasses are also used for ethanol manufacturing [192], either in industrial ethanol [193] or 
rum production [194]. Micro-organisms can also convert the sugars in molasses into citric acid 
[195]. Molasses has been used as a carbon source for in situ remediation of chlorinated 
hydrocarbons [196], a chelating agent [197, 198], a minor in situ component of mortar for 
brickwork [199], a soil additive [200], as the carbon source for solid acid catalyst manufacture 
[24], and it has been blended with magnesium chloride and used for de-icing [201]. 
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The composition of molasses is quite variable [202], due to its nature as an agricultural 
by-product resulting from a number of different raw materials. The major components of 
molasses are sucrose, glucose and fructose (see Sections 2.2.4.2, 2.2.4.1 and 2.2.4.3, 
respectively), typically in concentrations of approximately 30%, 20% and 13% (wt/wt), 
respectively [186]. Additionally, molasses contains inorganic matter (ash), reported to be 
approximately 175 and 187 g/kg (dry material) [203]. Included in the inorganic matter of 
molasses are numerous species of cations (e.g., potassium, calcium, sodium and magnesium) and 
anions (e.g., chloride, sulfate, carbonate and phosphate) [186, 204, 205]. Minor organic 
components of molasses include lipids/fats, proteins, oligo- and polysaccharides (including 
fibre), as well as amino acids, organic acids (e.g., ascorbic, retinoic and succinic acid) [186, 206, 
207] and phenolics [208]. 
 
2.2.4.1 Glucose 
Glucose is the main product of photosynthesis and the most common saccharide used for cellular 
respiration. It is a reducing aldose/aldohexose monosaccharide that can exist either as D-glucose 
or L-glucose, but is generally found in nature as D-glucose. The vast majority of glucose exists in 
cyclic form [209]: the most stable conformation is as a pyranose (1-5 hemiacetal), and although 
the less stable furanose (1-4 hemiacetal) conformation is possible, it is usually present in 
negligible amounts. Glucose is usually found in solution as α-D-glucopyranose and β-D-
glucopyranose, in a ratio of approximately 36:64 α:β [209] (Figure 2.6). 
 
O
OHOH
H
H
H
H
HOH
OH
OH
O
HOH
H
H
H
H
OHOH
OH
OH
 
Figure 2.6 α-D-glucopyranose (left) and β-D-glucopyranose (right) structures 
 
Starch and cellulose are polymers of glucose found in plants, and are formed by 
dehydration reactions. Both polymers can be hydrolysed back to glucose, although obtaining 
glucose from cellulose for commercial purposes is not yet economically practical [210]. Glucose 
has been used as a raw material in the production of biofuels/green chemicals, such as CMF [17], 
ethanol [211], HMF [212] and biodiesel [213]. 
 Lignocellulosic biomass is the most abundant source of glucose, unfortunately the 
glucose is trapped in the lignocellulosic matrix, reducing its value and increasing processing costs 
if used as a raw material for chemical production [214]. Part of the increased cost is due to 
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pretreatment, which is often required before further processing of lignocellulosic materials. These 
pretreatment techniques exploit the different natures, and hence reactivity, of the three major 
components of lignocellulosic biomass. The decomposition of lignin and hemicellulose is 
generally considered easier than that of cellulose [215, 216]; hence, cellulose can be separated 
from hemicellulose and lignin [107, 217], and many pretreatment methods make use of this. 
 
2.2.4.2 Sucrose 
Sucrose is a disaccharide comprised of glucose and fructose linked by an ether bond (i.e., 
glycosidic linkage, α-acetal oxygen bridge) between the C1 (hemiacetal) on the glucosyl subunit 
and the C2 (hemiketal) on the fructosyl unit (Figure 2.7). This bond is formed from the reducing 
ends of the monomers; hence, sucrose itself has no anomeric hydroxyl groups (i.e., hemiacetals) 
and, as a result, is considered non-reducing. The glucose and fructose units are found in their α 
and β forms, respectively. 
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Figure 2.7 Haworth projection of sucrose 
 
Sucrose can be hydrolysed to glucose and fructose [218]. The most common and 
important biofuel currently produced from sucrose is ethanol [219]. Sucrose has also been used 
as a raw material for the production of other biofuels/green chemicals, such as CMF [17], HMF 
[220], biodiesel (i.e., methyl ester lipids) [221] and LA [185]. 
 
2.2.4.3 Fructose 
Fructose is a polyhydroxyketone-reducing hexose and isomer of glucose, which is present as a 
white odourless crystalline solid under standard conditions. It is generally considered the 
sweetest (1.73 times sweeter than glucose [175]) and least soluble (in an aqueous solution) of the 
monosaccharides [179]. The differences in solubility and sweetness arise from the conformation 
of fructose compared with that of glucose, both of which are usually found as dextroses in nature. 
The isometric nature of fructose and glucose leads to different conformations being 
thermodynamically favourable; in the case of fructose, the five-membered hemiketal 
conformation [222] leads to ring closure vis ether bond formation between carbons 2 and 5. 
Under standard conditions in an aqueous solution, fructose exist as 76.4% β-D-fructopyranos, 
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19.5% β-D-fructofuranose, and 4.1% α-D-fructofuranose [223]. The pyranose is 
thermodynamically favoured over the furanoses due to the lower energy chair formation possible 
for the six-membered ring. Steric hindrance of the primary alcohol next to the carboxyl group 
favours the pyranose forms; hence, > 1% of fructose exists as α-D-fructopyranose [224] (Figure 
2.8). 
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Figure 2.8 β-D-fructopyranose (left) and α-D-fructopyranose (right) structures 
 
Fructose has been used as a raw material to produce the biofuels ethanol [225] and 
biodiesel [226], as well as the furanics 5-bromomethylfurfural (BMF) [18], 2,5-dimethylfuran 
[227], ethoxymethylfurfural (EMF) [19], HMF [228] and CMF [22]. 
 
2.3 FURANICS 
Furanics are a class of promising alternative biochemicals [23], which can be produced from 
carbohydrates by a wide range of catalytic systems. 
 
2.3.1 5-Hydroxymethylfurfural  
Methods for synthesis of HMF from carbohydrates, often from the simple saccharides fructose, 
glucose or sucrose, include thermal dehydration in the presence of an (Brønsted or Lewis) acid. 
Many of the original synthesis methods use oxalic acid [229, 230], despite the fact that nearly 
100 compounds, both organic and inorganic, have been qualified as catalysts for HMF synthesis 
[230]. Not only can a wide range of catalysts be used for HMF synthesis but a wide range of 
reaction conditions, including aqueous, non-aqueous, mixed solvents and microwave processes, 
are possible [231]. Methods vary widely in terms of yield, rate and side products. The rate of 
HMF formation from carbohydrates is determined by substrate, solvent and catalyst ratio, the 
type and concentration of catalyst, the reaction time and temperature, the complexity of the 
carbohydrate molecule (i.e., poly, di or monosaccharide), as well as the solvent and the stability 
of HMF at given conditions [41, 231]. These factors determine the degree to which the reaction 
proceeds, via either the open (Scheme 2.9) or closed ring (Scheme 2.10) reaction mechanisms. 
Mechanisms have been further examined (Scheme 2.11) by the application of high-level 
quantum chemical methods (Gaussian-4 level of theory), with the conclusion being that acid 
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catalysis methods are thermodynamically and kinetically more favourable than those conducted 
in a pH neural environment, due to the involvement of protonated intermediates avoiding the 
high activation energy of tautomerisation in neutral media [232]. 
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 Scheme 2.10 HMF formation, closed ring mechanism 
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Scheme 2.11  Optimised equilibrium and transition state geometries of protonated 
fructose to HMF (from [232]). 
 
HMF production via the open ring mechanism proceeds though the furanose 
conformation of the sugar [233], with the pyranose conformation more likely to participate in 
deleterious side reactions [234]. Glucose can first undergo isomerisation to fructose via the 
enediol during the open ring mechanism. The formation of HMF from fructose is more 
favourable than from glucose [234]. The propensity of this isomerisation can affect the efficiency 
of the reaction, the ramifications of which are discussed in Section 2.4.4. 
 In a detailed study of the conversion of hexoses in aqueous solutions to both HMF and 
other products [235], the resulting products were classified into four classes, based on the 
reaction stage at which they are formed: isomerism, dehydration, fragmentation or condensation. 
Other than HMF, more than 35 possible products been identified [230, 236]. 
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The usefulness of HMF as a feedstock molecule can be considered in terms of the three 
constituent groups of the molecule: the hydroxymethyl (alcohol) group, the formyl (aldehyde) 
group and the furan ring. Each of these groups presents possibilities for further derivatisation. 
The alcohol and aldehyde groups can be selectively reacted (oxidised); however, reactions 
involving the furan ring are usually accompanied by some degree of oxidisation in the other 
functional groups. The hydroxymethyl group undergoes typical reactions for an alcohol situated 
on a carbon that is itself connected to an aromatic ring and is fuctionally and structually 
comparative with those of benzyl or furfuryl alcohol. These reactions include oxidisation (i.e., 
aldehyde formation), addition (i.e., formation of ester and ethers), and substitution (resulting in 
the formation of halides). 
The hydroxyl group of HMF can be oxidised to give 2,5-furandicarbaldehyde via a 
number of methods, including lead tetraacetate or barium manganate in pyridine under ultrasonic 
irradiation[237], and HMF adsorbed on aluminium oxide [238]; in addition, selective oxidation 
of the hydroxymethyl group can be induced using noble metal catalysts such as platinum, 
palladium or ruthenium. 
The production of the antimicrobial ester 5-propionoxymethylfurfural [239] is prepared 
from HMF either by heating with propionic anhydride for 15 h or by a reaction with propionic 
acid in the presence of sulfuric acid [240]. Other esters that have been produced from HMF 
include 5-benzoyloxymethylfurfural [241] and 5-acetoxymethylfurfural [242]. 
Ethers can be produced by reactions of the hydroxymethyl group with simple alcohols 
[241]. The hydroxymethyl group of one molecule of HMF can react with the hydroxymethyl 
group of another HMF molecule, resulting in the production of 5,5′-diformylfurfuryl ether [243]. 
The hydroxymethyl groups of two HMF units can also be linked via the pyridinium 
hydrochloride catalysed reaction with etheneglycol [244]. An ether can also be formed by the 
reaction of HMF with a halide, such as triphenylmethyl chloride, which results in the production 
of 5-(triphenylmethoxy)methylfurfural [245]. 
Reduction of the formyl group in HMF can produce a range of other functional groups, 
including alkanes, alcohols and amines. The reduction of the formyl group may or may not be 
accompanied by reduction of the furan ring, depending on the reaction conditions. When HMF is 
reduced using copper or platinum as catalysts, 2,5-bis-(hydroxymethyl)furan [246], in which the 
furan ring remains unreduced, is produced. When HMF is reduced using nickel or palladium 
catalysts, 5-bis-(hydroxymethyl)tetrahydrofuran [246], in which the furan ring is reduced, is 
produced. The formyl group, as mentioned previously, can be reacted to give amine products; for 
example, reaction with ammonia gives 5-hydroxymethyl-2-tetrahydrofurfurylamine [230]. The 
formyl group can also be completely reduced with hydrazine, leaving a methyl group, to give 5-
hydroxymethyl-2-methylfuran [247]. 
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The reaction of the formyl group with ammonia to form hydroxymethyl-2-
tetrahydrofurfurylamine is the simplest example of the reactivity of nitrogen towards HMF. This 
reactivity has been widely exploited, resulting in a large group of nitrogen-containing HMF 
derivatives. The majority of these compounds result from the formation of an imine group 
resulting from the reaction of the formyl group in HMF with a primary amine. Perhaps the 
earliest examples of this reaction are those of HMF and hydrazine to form an azine, published in 
1901 [242], and of HMF and hydroxylamine to form an oxime, published in 1895 [248]. Since 
that time, a large selection of compounds has been produced using the reaction of a primary 
amine with HMF, including the attachment of large aromatic groups to HMF (by reaction with 
aniline [249]) and the formation of a cation via a reaction with N-methylaniline in ethanol [120]. 
The formyl group of HMF can react with compounds containing an active methylene 
group; for example, with malonic acid to give 5-hydroxymethyl-furfurylideneacetic acid [250], 
ethyl diethylphosphonoacetate (EDEPA) to give 5-hydroxymethylfurfurylideneacetate [251], or 
acetophenone to give 5-hydroxymethylfurfurylideneaceophenone [250]. 
HMF formyl groups predicably react with alcohols to give acetals. The reaction of HMF 
and 2,2-dimethyl-1,3-propanediol gives a cyclic acetal, which is used in the preparation of 
compounds for ionophoresis [252]. Acetals can also be obtained by reaction with ethylene glycol 
and methanol [231]. 
The formyl group of HMF can be oxidised with or without accompanying oxidation of 
the hydroxyl group. In the production of 5-hydroxymethyl-2-furancarboxylic acid via oxidisation 
of HMF with silver oxide [253], the oxidisation is specific to the formyl group. Noble metal 
catalysts, strong alkaline conditions, and oxygen can also be used to produce 2,5-
furandicarboxylic acid [254]. 5-Formylfuran-2-carboxylic acid, in which the hydroxyl group has 
been oxidised to a formyl group, can be produced catalytically from HMF [255]. 
The furan ring of HMF can be cleaved to give levulinic acid (LA) and formic acid, as 
well as various polymeric substances, by strong acidic conditions [256]. Ring opening also 
occurs in the synthesis of 1-hydroxy-2,5-hexenedione, which is produced by the catalytic 
reaction of HMF and platinum or ruthenium under acidic conditions [257]. 
 
2.3.2 5-Chloromethylfurfural 
Halide substitution is a common derivatisation process for the conversion of HMF; however, the 
reaction is usually energetically unfavourable for primary alcohols due to the dominant 
thermodynamic factor being the hydroxyl or halide acting as a leaving group. Due to the 
electron-withdrawing effect of the furan ring in HMF, halide substitution reactions are possible if 
facilitated by hydrochloric acid or hydrogen bromide [242]. CMF has a lower free energy than 
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HMF (in both aqueous and gas phases) [258] and this energy differential promotes halide 
formation. 
During nucleophilic substitution, the aromatic furan ring conjugates to the formyl group 
of HMF leading to a π bond-rich environment within the molecule, resulting in possible 
resonance structures. Resonance structures are thought to stabilise the intermediate of halide 
substitution, by electron overlap of the carbon of the hydroxyl group, as well as the carbon in the 
fifth position of the furan ring, with the nucleophile [230] (Scheme 2.12). 
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Scheme 2.12 HMF resonance structures (from [259]) and halide substitution 
 
Recent work examining the thermochemistry involved in the conversion of CMF to 
valuable chemicals [62] attests to the suitability of CMF as a platform chemical. LA, which can 
be produced from HMF or CMF, is of interest as a platform chemical derived from biomass [31]. 
Complex molecules, such as the pharmaceutical ranitidine, have also been synthesised from 
CMF [260], demonstrating the versatility of possible CMF derivate synthesis. 
An early synthesised derivative of CMF includes furan 2,5-dicarboxylic acid, which is 
produced by oxidisation with nitric acid [22]. 2,5-Dicarboxylic acid has also been synthesised 
from HMF using a noble metal catalyst [254]. Furan 2,5-dicarboxylic acid production, 5-
hydroxymethyl-2-methylfuran, LA (which are also able to be derived from HMF [22, 247, 253], 
and the symmetrical furan diamine N,N'-furan-2,5-diylbis(methylene)bis(1-phenylmethanamine) 
can all be produced by batch and continuous flow processing methods [261]. 
Recent work shows the efficiency of using CMF as a feedstock, and the synthesis of 
large annulene polyoxides highlights the ability of CMF to form large polymers, both linear and 
cyclic (with respect to their macro structure). This knowledge is useful for the production of 
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plastics and resins [258]. The vast array of chemicals – from pharmaceuticals to biofuels and 
polymers – that can be produced from CMF are the result of reactive nature of the three different 
functional groups (methyl chloro, aldehyde and furan) of CMF. Using CMF, in lieu of HMF, as 
an intermediate is reported to result in an improved theoretical efficiency in the production of 
useful chemicals [258, 262]. As such, CMF is thought to be functionally equivalent to, yet more 
practical than, HMF [263]. 
 
2.3.3 Furfural 
Furfural has traditionally been produced by hydrolysis of pentosans with a Brønsted acid (i.e., 
sulfuric acid) in an aqueous solution [96], often at temperatures > 150 °C [264-267]. The 
traditional furfural hydrolysis process, using sulfuric acid, achieves an approximate 50% yield of 
furfural from xylan [268]; the poor yield is attributed to side reactions, such as 
homopolymerisation and condensation with unreacted xylose [269]. Much of the current furfural 
production is still performed in inefficient small-scale fixed-bed processes, although large 
improvements have been made in recent years [270]; for example, more efficient reactor systems 
that make use of multistage hydrolysis with dilute acid and shorter residence times have been 
developed [271]. A method of furfural production using small aliquots of strong acid catalysts 
and salts increased furfural yields to 75% [272]. The quick removal of furfural during production 
has also been used to increase yields, with claims of 50–70% furfural yield using this method 
[273]. 
Furfural production methods utilising non-Brønsted acid catalysts include reaction via 
solid acid catalysts, including Lewis acids [266], and reactions via ILs, which have been 
developed more recently [269]. The mechanism for furfural production has not been definitely 
determined, although a likely mechanism (Figure 2.13) has been suggested [274] and is 
supported by computational modelling [275].  
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Figure 2.13 Furfural formation mechanism 
 
Evidence for alternative mechanisms of formation under different conditions, such as 
temperature and pH, exists but are not as well supported [276]. An alternative mechanism is also 
unlikely to have a significant effect on synthesis [277].  
Furfural is a commodity chemical [273] that is commonly used as a feedstock in the 
production of furfuryl alcohol; the majority of furfural produced worldwide is used in this way 
[278]. Furfuryl alcohol can be further hydrogenated to tetrahydrofurfuryl alcohol [279], an 
agricultural solvent and adjuvant. Furfural is also the only precursor chemical used to produce 
furyl, furfuryl, furoyl or furfurylidene complexes on an industrial scale [278]. These complexes 
are primarily used in polymer chemistry, such as in the production of the precursors 
furfurylamine [280] and tetrahydrofurfurylamine [281]. 2,5-Bis(hydroxymethyl)furan is another 
furfural derivative used in polymer chemistry to produce polyurethane and polyesters [246]. 
Furan is produced from the decarbonylation of furfural [96], and can be further reacted to 
tetrahydrofuran (THF), which is used as an industrial solvent for polyvinyl chloride and 
varnishes [282], as a laboratory solvent for hydroboration, and as a solvent for organometallic 
compounds [283]. 
Another promising application for many furanics, particularly 2-methylfuran and 2-
methyltetrahydrofuran, is as biofuels. 2-Methylfuran is also used as a flavouring agent due to its 
chocolate-like odour, and can be manufactured by hydrogenation and hydrogenolysis of furfural 
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in the vapour phase [229]. Catalytic hydrogenolysis of furfuryl alcohol results in the production 
of 2-methylfuran, which can then be hydrogenated into 2-methyltetrahydrofuran [284]. 
 
2.4 BIOREFINING PROCESSES 
There are many methods for the upgrading of biomass to useful value-added products. These 
methods often include use of related processes, such as solvolysis, hydrolysis, liquefaction or 
pyrolysis. These terms are somewhat indistinct when discussing biorefining processes, as the 
large organic polymers present in biomass usually undergo depolymerisation during solvolysis, 
which often requires the use of elevated temperatures and/or catalysts. Solvolysis of biomass 
involves the use of solvents to deconstruct the biomass; when this is done using an aqueous 
solution, the process is termed hydrolysis. In the case of biomass, liquefaction is similar to 
solvolysis, with the main distinctions being that liquefaction generally yields slightly smaller or 
more “degraded” molecules, and occurs at higher temperatures (> 250 °C) and pressures (> 40 
bar), which require specialised reaction equipment. Pyrolysis of biomass also involves the 
application of high temperatures (but low pressures, < 5 bar), either with or without a catalyst, 
under inert conditions, to decompose biomass to liquid and gaseous products. 
This review of the catalytic conversion of biomass to useful chemical products will focus 
on recently developed hydrolysis methods that involve the use of catalysts to target the 
production of value-added products, such as reducing sugars, furanics, organic acids and other 
green chemicals. 
Catalytic processes for the production of useful chemicals can be divided into two major 
classes, depending on whether a liquid (homogeneous) or solid (heterogeneous) catalyst is used. 
Traditionally, homogeneous catalysts have been used for hydrolysis due to their good surface 
contact and adsorption, and ability to achieve high yields. Increasingly, solid acid catalysts are 
proving more attractive for hydrolysis due to their non-toxic nature, energy-saving ability , easier 
separation from reaction mixtures, reusability, the elimination of the need for treatment of salt 
wastes [285], and the ability to employ dual functionality (acid and bases or Brønsted and Lewis) 
catalytic sites [286, 287]. Despite these advantages, solid catalyst methods are currently unlikely 
to rival the higher yields of platform chemicals from hexoses and pentoses, respectively, using a 
recently developed liquid biphasic method [33]. 
 
2.4.1 Homogeneous catalysts 
Traditional hydrolysis techniques for biomass are based on acid hydrolysis. Homogeneous acids 
have long been used to hydrolyse cellulose to fermentable sugars under a range of reaction 
conditions, as presented in Table 2.5. 
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Table 2.5  Hydrolysis of cellulose with traditional acids 
Year Process Type T (°C) Ref 
1923 Scholler Dilute H2SO4 170 [288] 
1937 Bergius Conc. HCl 25 [289] 
1945 Madison Dilute H2SO4 180 [290] 
1960 Noguchi Gaseous HCl 45 [291] 
1978 Grethlein Dilute H2SO4 240 [292] 
1981 Hoechst Anhydrous HF 40 [293] 
1985 Two-stage Dilute H2SO4 170, 190 [294] 
Source: Reproduced from [28] (adapted from [295]) 
 
Cellulose is the major component of lignocellulosic biomass, and many hydrolysis 
processes are designed to produce a range of products, depending on the reaction conditions 
(Table 2.6). 
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Table 2.6  Hydrolysis of lignocellulosic biomass or cellulose with traditional acids 
Catalyst Feedstock 
Reaction 
conditions 
Typical 
products Yield (%) Ref. 
H2SO4 (0.175 wt%) Wood chips 483 K, 2 min, 
1.9 MPa 
Xylose  47.0–54.0 [296] 
H2SO4 (0.05 wt%) Filter paper 488 K, 35 min, 
4 MPa (H2O) 
Reducing sugar 46.6 [297] 
H2SO4 (0.1 wt%) Cotton 473 K, 6 min, 
0.1 MPa 
Levoglucosenone 
Furfural 
5-HMF 
42.2 
26.9 
8.8 
[298] 
H2SO4 (0.5 wt%) Corn cobs 398 K, 165 min Xylose  25.0 [299] 
H2SO4 (6.2 wt%) Sugar 
maple wood 
extract 
368 K, 50 min, 
0.1 MPa 
Xylose 
 
n/a* [300] 
SO2 impregnation Aspen chips 478 K, 3 min, 
1.62 MPa 
Glucose 
Xylose 
37.0 
10.3 
(wt%) 
[301] 
HCl (5 wt%) Walnut 
shells 
523 K, 
> 30 min,  
1.5–8.6 MPa 
LA  12.0 [302] 
HCl (20 wt%)/ 
EMIMCl 
Cellulose 378 K, 2–4 h Glucose 
HMF 
90.0 
5–7.0 
[303] 
CO2 + H2O  
(100% saturation) 
Cellulose 533 K, 2 min,  
20–25 MPa 
Glucose  11.0 [304] 
p-Toluenesulfonic 
acid/BMIMCl 
Cellulose 373 K, 5 h Reducing sugar 35.0 [297] 
H3PO4 (10 wt%) Potato peel 408 K, 8 min Reducing sugar 82.5 [305] 
Oxalic (0.1M)/ 
NaCl 
Cellulose 403 K, 6 h Glucose  2.8–3.9 [306] 
HCl Corn stover 353 K, 3 h, 
Biphasic (DCE) 
CMF (C6) 
HMF (C6) 
Furfural (C5) 
72 
9 
40 
[32] 
*maximum concentration achieved was 161.6 g/L xylose while yield were not reported 
EMIMCl = 1-ethyl-3-methylimidazolium chloride; BMIMCl = 1-butyl-3-methylimidazolium chloride 
Note: H2O over liquid acid catalysts, reducing sugar: mainly mono- and disaccharides with an 
aldehyde or a ketone group 
Source: Reproduced from [26], with additions 
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A promising catalyst class that can be used for either the depolymerisation or hydrolysis 
of biomass is solid acid catalysts, particularly those based on amorphous carbon. Processes for 
the catalytic hydrolysis of biomass or its components often make use of additional solvents. 
 
2.4.2 Solvents 
Cellulose is practically insoluble in most common industrial solvents but is partially soluble in 
specific solvents, which are detailed Table 2.7. The use of specialised solvents such as ILs, 
transition metal complexes, molten hydrate salts, and multicomponent solvent systems function 
to increase the solubility of cellulose (Table 2.7) in biorefining processes. These solvents may or 
may not derivatise cellulose to achieve this increased solubility. As discussed in Section 2.2.3, 
solubilising of cellulose assists in reducing the physical barriers (e.g., crystallinity) hampering the 
processing of lignocellulosic material. 
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Table 2.7  Solvent media for cellulose 
Class Type Examples 
Aqueous 
systems 
Transition metal 
complexes containing 
NH3 and/or amine 
ligands (excess of NH3 
or amine is required) 
Cadoxen (Cd(H2N(CH)2NH2)3](OH)2, Cupren 
(Cu(H2N(CH)2NH2)2](OH)2, Cuam 
(Cu(NH3)4](OH)2, Zincoxen 
(Zn(H2N(CH)2NH2)2](OH)2 
Transition metal tartrates FeTNa, Na6(Fe(C4H3O6)3] 
Quaternary ammonium 
hydroxides 
Triton B, TEOH, Triton F, Guanidinium hydroxide 
Alkali hydroxides NaOH, LiOH 
Tertiary amine oxides N-Methylmorpholine-N-oxide 
Molten salt 
hydrates 
Swelling agents LiCl⋅xH2O (2 ≤ x ≤5), Zn(NO3)2⋅6 H2O, NaClO4⋅H2O, 
Mg(ClO4)2⋅H2O, LiClO4⋅3H2O/CaCl2⋅6 H2O 
Solvent media ZnCl2⋅4H2O, LiClO4⋅3H2O, Zn(NO3)2⋅xH2O (x<6), 
FeCl3⋅6H2O, LiSCN⋅2H2O, LiI⋅2H2O, 
LiClO4⋅3H2O/MgCl2⋅6H2O, 
LiClO4⋅3H2O/Mg(ClO4)2/H2O, 
LiClO4⋅3H2O/NaClO4/H2O, LiCl/ZnCl2/H2O, 
NaSCN/KSCN/LiSCN/H2O, 
NaSCN/KSCN/Ca(SCN)2/H2O 
Nonaqueous 
systems 
Alkyl imidazolium ILs EMIMCl: 1-ethylmethylimidazolium chloride, 
BMIMCl: 1-butylmethylimidazolium chloride, 
EMIMAcO: 1-ethylmethylimidazolium acetate, 
BMIMAcO: 1-butylmethylimidazolium acetate, 
EMIMOP(O)(OMe)2: 1-ethylmethylimidazolium 
dimethylphosphate 
N-Alkylpyridinium salts N-Ethylpyridinium chloride 
Tertiary amine oxides N-Methylmorpholine-N-oxide, Triethylamine-N-oxide, 
N-Methylpiperidine-N-oxide 
DMSO-based solvent 
media 
DMSO/methylamine, DMSO/KSCN, DMSO/CaCl2, 
DMSO/tetrabutylammonium fluoride (TBAF) 
Liquid NH3-based 
solvent media 
NH3/NaI(NH4I), NH3/NaSCN(NH4SCN) 
Dipolar aprotic 
solvents/LiCl 
N,N-Dimethylacetamide/LiCl, N-
Methylpyrrolidone/LiCl 
Tricomponent solvent 
media 
NH3/NaCl/DMSO, Ethylenediamine/NaI/ 
N,N-Dimethylformamide, Diethylamine/SO2/DMSO 
BMIMCl = 1-butyl-3-methylimidazolium chloride; DMSO = dimethyl sulfoxide; EMIMCl = 1-ethyl-3-
methylimidazolium chloride 
Source: Reproduced from [28] (adapted from [307, 308]) 
 
Recent work in the field of biomass hydrolysis has made use of a wide range of solvents 
and catalysts, including supercritical water, ILs, mesoporous carbon functionalised with 
ruthenium metal or SO3H groups, and sulfonated ion exchange resins [27, 28]. The use of ILs in 
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the hydrolysis of biomass has been the topic of a number of recently published studies [309, 
310]. ILs work as cellulose solvents by breaking the hydrogen bond networks and β-1,4-
glycosidic bonds and have been used to form homogeneous solutions with cellulose as a 
pretreatment or during hydrolysis [303, 311, 312]. Although the use of ILs allows for hydrolysis 
to be carried out under mild conditions and typically results in high yields, further and more 
complicated procedures are required to separate the sugars, dehydration products and unreacted 
cellulose from the solution [313]. 
 
2.4.3 Heterogeneous catalysts 
Solid catalysts possess some advantageous characteristics over liquid catalysts, including easier 
separation from the reaction mixture, simpler recycling techniques [314], spatially resolved 
active sites, and the use of multiple (e.g., acid and base) catalytic sites. These characteristics have 
led to the development of a wide range of methods for the use of solid catalysts, which can be 
applied in a biorefining context. Many different catalysts have been used for the hydrolysis of 
cellulose and/or biomass and a range of reaction conditions have been used, including vastly 
different temperatures, time scales, and catalyst loads. The range of reaction conditions and 
catalysts makes comparisons between methods difficult. 
 Solid catalysts applied in the hydrolysis of cellulose include the categories of H-form 
zeolites, transition metal oxides, cation-exchange resins, supported solid acid catalysts (metal 
oxide and carbonaceous acids), and heteropoly compounds. These categories have been outlined 
and compared in considerable detail in previously published work, in which it was concluded that 
“the most active solid acid is sulfonated amorphous carbon bearing SO3H, COOH, and OH 
functional groups” [29]. Other reviews on the subject have pointed to established sources [315], 
and conclude that “activated carbon… zeolites, some solid heteropoly compounds, niobic acid, 
MoO3-ZrO2, zirconium tungstates, zirconium phosphates, lanthanum phosphates, niobium 
phosphates, and some other materials” [28] are suitable materials for the support of catalysts for 
this type of work, as they are water tolerant, which is important in biomass processing. Examples 
of systems utilising some of these types of catalysts are detailed in Table 2.8. Other reviews of 
heterogeneous catalysts state that the “functionalisation of carbon materials improves substrate 
adsorption” and “hybrid systems that consist of solid catalysts and active media, such as 
sulfonated resins/ILs are highly suitable for selective depolymerisation or reductive splitting of 
cellulose” [27]. Another extensive review concluded that “utilisation of ILs as solvents and/or as 
catalysts provides an alternative solution” to “low catalytic activity due to the solid–solid contact 
between the insoluble lignocellulosic biomass and solid catalyst”, during which they noted “the 
use of the ILs may bring about new problems such as separation and extraction of the targeted 
products and increased cost” [26]. These remarks are interesting, considering recent research on 
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catalytic systems consisting of solid acid-supported carbon materials that improve substrate 
adsorption by the attachment and use of ILs [316], reducing the problems associated with 
separation and extraction of the IL. A selection of methods using solid catalysts is presented in 
Table 2.8.  
The results presented in Table 2.8 include amorphous carbon-supported catalysts, which 
are produced by carbonisation and sulfonation of an organic material and result in functionalised 
carbon material with catalytic acid activity [317]. Solid acid catalysts of this type can be 
manufactured from many organic chemicals, including cellulose, biomass [316], ordered 
mesoporous carbon [318] and activated carbon [319]. This type of catalyst has successfully been 
prepared from raw materials similar to by-products produced during sugar manufacturing; that is, 
bagasse [25] and (beet) molasses [24]. Solids acid catalysts such as these could be used for the 
depolymerisation and deconstruction of biomass. The monomeric sugars produced by 
depolymerisation could then be converted to useful platform chemicals, such as furanics, using 
the same solid acid catalyst [320]. The use of amorphous carbon catalysts, over other solid acids, 
may be advantageous as biomass can be used as a raw material for their production. Another 
advantage of this type of catalyst is and their high yield of reducing sugars or furanics from 
carbohydrates. This class of catalyst may also be useful in the conversion of reducing sugars to 
furanics. Amorphous carbon catalytic methods result in the highest solubilisation of cellulose (up 
to 100%; see Table 2.7), within moderate time frames (3 to 6 h) and reaction conditions (100 °C) 
[321-323]. The complete solubility of cellulose has also been achieved by Ni-promoted tungsten 
carbides [324] and Amberlyst 15 [297]; however, these catalytic methods require harsher 
reaction conditions, either through the use of pressurised hydrogen gas at high temperature or a 
co-solvent (i.e., BMIMCl). There are few solid acid catalytic methods capable of producing 
monomeric organic product yields ≥ 65% [316, 318, 325-328]. The use of amorphous carbon 
catalysts [316, 325] presents some of the highest yields (65–69% reducing sugars from cellulose, 
20 min, 90 °C microwave heating), only comparable to the use of sulfated zirconia modified 
SBA-15 (65% glucose from cellulose, 90 min at 160 °C) [327] in terms of yield and conditions 
(Table 2.8). 
Recently, the attachment of multiple spatially resolved active sites (which is a feature in 
the use of solid catalysts) and the use of biomimicry (i.e., the inclusion of a cellulose-binding site 
and a catalytic domain in the catalyst) resulted in a significantly improved yield of reducing sugar 
from an amorphous carbon catalyst system [316]. Other advances in the field of solid catalysis 
include: 
• the use of dual acid–base catalysis for the fractionation of biomass [286] and the 
production of furanics [329] 
• the resolution of multiple distinct active catalytic site types [330] 
• magnetic functionality to solid act catalysts to improve catalyst recovery [331] 
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• the use of microwave heating [316] and the liquid–liquid biphasic system in 
combination with solid catalysts [332] 
The application of these recent advances to a system using a biomimicry catalyst 
designed for biomass hydrolysis [316] is likely to further improve performance. The comparison 
of homo- and hetero-geneous catalytic methods biomass hydrolysis methods would be 
informative. As the recently developed efficient, high-yielding biphasic liquid acid hydrolysis 
method [33] has not been examined with respect to sugar cane bagasse or molasses (the biomass 
of interest in this study), understanding its use in this context would provide valuable novel 
information for the comparison of any solid acid catalytic methods. 
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Table 2.8  Hydrolysis of cellulose with solid catalyst under aqueous conditions 
Catalyst Time 
Temp 
(K) Reactant 
Loading 
(reactant:catalyst) Notes Major products 
Yield 
(%) 
Conversion 
(%) Ref. 
None 24 h 423 Cellulose 
(BM) 
1%  Glucose 
Oligosaccharides 
< 1 
~ 5 
9 [333] 
Sulfonated activated carbon 24 h 423 Cellulose 
(BM) 
~ 1:1  Glucose 41 43 [334] 
Amorphous carbon bearing SO3H, 
COOH and OH 
3–6 h 373 Cellulose 
(M) 
3:2  Glucose 
Oligosaccharides 
4 
64 
up to 100 [321-
323] 
Silica/carbon nanocomposites 24 h 423 Cellulose 
(BM) 
1:1  Glucose 50 61 [333] 
Sulfonic functionalised magnetic 
SBA-15 
3 h 423 Corn cob 2:3  Reducing sugars 45 - [331] 
Sulfonic functionalised magnetic 
SBA-15 
3 h 423 Cellulose 2:3 BMIMCl Glucose 50 - [331] 
Layered HNbMoO6 12 h 403 Cellulose 
(M) 
2:1  Glucose & 
Cellobiose 
8.5 - [335] 
Nafion-50 4 h 433 Cellulose 2:1 BMIMCl Glucose 35 - [335] 
Silica-supported FeCl3 24 h 463 Cellulose ~ 1:4 BMIMCl Glucose 9 - [335] 
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Acid–base bi-functionalised, 
mesoporous Si nanoparticles 
3.5 h 393 Cellulose 4:15 EMIMCl Glucose 
HMF 
36 
19 
- [286] 
10 wt% Ru/CMK-3 15 min 503 Cellulose 
(BM) 
1:5  Glucose 34 68 [336] 
Sulfonated CMK-3 24 h 423 Cellulose 
(BM) 
~ 1:1  Glucose 75 94 [318] 
Amorphous carbon bearing SO3H, 
COOH and OH 
24 h 423 Cellulose   Glucose 41 - [337] 
Amorphous carbon bearing SO3H, 
COOH, OH and IL 
20 min 350 
W* 
Cellulose 1:2 BMIMCl Reducing sugars 65 - [316] 
Amorphous carbon bearing SO3H, 
COOH, OH and IL 
20 min 750 
W* 
Bamboo 1:2  Reducing sugars 2.7 - [316] 
Amorphous carbon bearing SO3H, 
COOH, OH and IL 
20 min 750 
W* 
Pretreated 
bamboo 
1:2 BMIMCl, 
ZnCl 
Reducing sugars 16 - [316] 
Cellulose-derived 
superparamagnetic carbonaceous 
solid acid 
3 h 403 Cellulose ~ 1:1 BMIMCl Reducing sugars 69 - [325] 
Biomass char–SO3H 1 h 373 Cellulose 
(M) 
 350 MW* Glucose 20 - [338] 
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H3PW12O40 2 h 453 Cellulose   Glucose 
LA 
HMF 
51 
0.14 
1.6 
- [339] 
H3PW12O40 2 h < 473 Cellulose
+ CH3OH 
  Methyl 
Glucosides 
60 - [340] 
CrCl3/LiCl 10 min 433 Wheat 
straw 
 BMIMCl HMF 
Furfural 
61 
43 
- [341] 
Nafion/silica 24 h 463 Cellulose   Glucose 
LA 
9 
2 
- [342] 
Pt, Ru supported on inorganic 
oxides (Pt/γ-Al2O3) 
24 h 463 Cellulose  5 MPa H2 
(at RT) 
Sorbitol/mannitol < 30 - [343, 
344] 
Ru/C 5 min 518 Cellulose  6 MPa H2 Hexitols 22.2 38.5 [345] 
Ni-promoted tungsten carbides 30 min 518 Cellulose  6 MPa H2 Ethylene glycol 61 up to 100 [324] 
Amberlyst 15 1 h 373 Cellulose  BMIMCl Cellooligomers > 90 100 [297] 
Amberlyst 15 3 h 423 Cellulose 
(M) 
1:1  Glucose 15 - [331] 
Amberlyst 15 24 h 423 Cellulose 
(BM) 
1:1 10 mg/mL Glucose 25 - [337] 
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Modiﬁed H-zeolites (HY) 7.2 min 240 
W* 
Cellulose  BMIMCl Glucose 35 - [346] 
ZSM-5 - Zeolite 24 h 423 Cellulose 
(BM) 
~ 1:1  Glucose 12 - [301] 
Activated hydrotalcite 
nanoparticles 
24 h 423 Cellulose 
(BM) 
~ 1:1  Glucose 40 - [347] 
Sulfonated styrene-divinylbenzene 
(Dower 50WX8) 
4 h 383 Cellulose 1:2 EMIMCl Glucose 83 - [326] 
Sulfated zirconia modified SBA-15 90 min 433 Cellulose 1:5  Glucose 65 - [327] 
Sulfonated polymer (MIL-101) 3 h 403 Cellulose 1:8  Glucose 1.4 < 10% [348] 
Cellulase immobilised mesoporous 
silica nanocatalysts 
8 h 433 Cellulose 30:9  Glucose 90 - [328] 
Cs doped heteropolyacid 8 h 433 Cellulose 100 mg: 0.07 
mmol 
7 mL Glucose 39 - [349] 
Micellar heteropolyacid 8 h 433 Cellulose 100 mg: 0.07 
mmol 
7 mL Glucose 60 - [349] 
BM = ball milled; BMIMCl = 1-butyl-3-methylimidazolium chloride; EMIMCl = 1-ethyl-3-methylimidazolium chloride; M = microcrystalline 
* Watts (microwave heating) 
Source: Adapted from [26-29] and others 
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2.4.4 Catalytic methods for furanic production 
The majority of catalytic methods covered in this review thus far produce simple reducing sugars 
by depolymerising (i.e., hydrolysing) cellulose or lignocellulosic biomass. An alternative 
approach to this is to use sequential hydrolysis to produce furanics from these raw materials 
within the one system. Methods that have made use of this sequential approach, including dilute 
acid hydrolysis [298, 302], biphasic acid hydrolysis [23, 33], and solid catalytic chromium(III) 
chloride/lithium chloride systems [341] have been discussed in Section 2.4.3 of this review. A 
biphasic hydrolysis system possesses both a reaction solution (usually an acid catalyst) and an 
organic layer of a substantially water-immiscible solvent. This arrangement results in the 
dehydration reaction of carbohydrates occurring in the catalytic (wet) phase and the furanic 
products being sequestered in the organic phase (dry), thereby theoretically limiting degradation 
and polymerisation reactions that more likely to occur in the aqueous phase. To date, one of the 
highest yields of simple hydrophobic molecules (mainly CMF) from biomass was achieved using 
a strong acid liquid–liquid biphasic hydrolysis system [32]. This method evolved from an earlier 
procedure that involved the dehydration of simple sugars by lithium chloride/hydrochloric acid 
while being mixed with the solvent dichloroethane (DCE), and resulted in an overall furanic yield 
of 85–91% [17]. Further development of the method eliminated the use of lithium chloride, 
extended its use to other carbohydrates, and increased substrate loading, while reducing solvent 
usage and reaction times [32]. This method has also been applied to lignocellulosic materials 
such as wood, corn stover and straw, achieving high yields [33]. Subsequently, a range of studies 
demonstrated that CMF (as opposed to the more well-known HMF) can be further converted to 
useful products in high yields [23]. This biphasic method is attractive, as the main components in 
biomass are depolymerised and reacted in the same step (a “one-pot” reaction), producing 
attractive platform chemicals. Methods for the direct production of HMF from cellulose and 
biomass are outlined in Table 2.9 and often make use of solvents (see Section 2.4.2) such as ILs. 
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Table 2.9  Hydrolysis of cellulose and biomass for HMF production 
Starting 
material Solvent Catalyst Conditions 
Yield 
(%) Ref. 
Cellulose EMIMCl CrCl2 220 °C, 6 h 89 [350] 
Cellulose EMIMCl CrCl2 240 °C, 2 h 40 [351] 
Cellulose EMIMCl CrCl2-RuCl3 120 °C, 2 h 60 [352] 
Cellulose EMIMCl CrCl2-CuCl2 120 °C, 8 h 55 [353] 
Cellulose EMIMOAc [C4SO3HMIM] 
CH3SO3/CuCl2 
160 °C, 3.5 h 70 [354] 
Cellulose BMIMCl [bi-
C3SO3HMIM][CH3
SO3] 
CH3SO3/MnCl2 
120 °C, 1 h 63 [355] 
Cellulose EMIMCl HNTs-SO3H–Cr(III) 120 °C, 2.5 h 41 [356] 
Cellulose HSO3BMIM
HSO4, MIBK 
CoCl2 150 °C, 5 h 27 [357] 
Cellulose IL-SO3H, 
MIBK 
MnCl2 150 °C, 5 h 40 [358] 
Cellulose H2O Cr[(DS)H2PW12O40]
3 
150 °C, 2 h 53 [359] 
Cellulose BMIMCl, 
H2O 
HY zeolite 130 °C, 2 h 24 [360] 
Cellulose BMIMCl CrCl2/Zeolite 120 °C, 12 h 28 [361] 
Cellulose H2O Bimodal-HZ-5 190 °C, 4 h 46 [362] 
Cellulose EMIMCl Dowex50wx8/CrCl3 120 °C, 1.7 h 73 [326] 
Cellulose THF, H2O, 
NaCl 
Sn-Mont 160 °C, 3 h 39 [363] 
Cellulose EMIMCl Cr([PSMIM]HSO4)3 120 °C, 5 h 53 [364] 
Cellulose DMA, LiCl, 
EMIMCl 
CrCl2–HCl 240 °C, 1 h 53 [365] 
Cellulose DMA, LiCl MTiP-1 140 °C, 5 min (micro) 17 [366] 
Cellulose BMIMCl CrCl3 200 °C, 2.5 min 
(micro) 
62 [367] 
Cellulose BMIMCl CrCl3 200 W (micro), 1 min 61 [368] 
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Cellulose H2O, THF AlCl3·6H2O/NaCl 180 °C, 45 min 37 [15] 
Cellulose BMIMCl Zr(O)Cl2/CrCl3 120 °C, 5 min (micro) 57 [369] 
Cellulose DMA, LiCl [TMG]BF4 132 °C, 48 min 
(micro) 
29 [370] 
Cellulose H2O NaH2PO4 290 °C, 2.5 h 31 [371] 
Cellulose H2O,THF NaHSO4–ZnSO4 160 °C, 1 h 53 [372] 
Cellulose BMIMCl amorphous carbon 160 °C, 15 min 41 [373] 
Cellulose Phosphate 
buffer/DMSO 
combination  ~ 60 °C, 63 h 46 [374] 
Cellulose MIBK, IL MnCl2 150 °C, 5 h 38 [375] 
Cellulose [BMIM]Cl AlCl3 150 °C, 9 h 21 [376] 
Cellulose DMSO, 
[BMIM]Cl 
AlCl3 150 °C, 9 h 55 [376] 
Cellulose DMSO, 
[BMIM]Cl 
functional polymeric 
ILs 
160 °C, 5 h 31 [377] 
Cellulose EMIMCl Boric acid 120 °C, 8 h 26 [378] 
Cellulose IL, DMSO InCl3 160 °C, 5 h 45 [379] 
Cellulose EMIMCl 3,5-
bis(trifluoromethyl)p
henyl-boronic acid 
120 °C, 3 h 26 [380] 
Cellulose EMIMCl CrCl3/CuCl2 140 °C, 5 min 40 [381] 
Cellulose H2O CaP2O6 230 °C, 5 min 15 [382] 
Cane juice H2O Al2(SO4)3, H2SO4 270 °C, 8 sec 44 [383] 
Cane juice H2O Oxalic acid ~ 160 °C, 1 h 11 [384] 
Bagasse [BMIM]Cl Zr(O)Cl2, CrCl3 120 °C, 5 min (micro) 42 [369] 
Pine wood H2O, THF AlCl3, NaCl 180 °C, 45 min 42 [15] 
Lignocellulos
ic biomass 
BMIMCl CrCl3 200 °C, 3 min (micro) ~ 50 [367] 
Bagasse DMA–LiCl MTiP-1 140 °C, 5 min (micro) 26 [366] 
Corn stover DMA–LiCl–
EMIMCl 
CrCl2, HCl 240 °C, 2 h 48 [365] 
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Saw dust dimethyl 
imidazolidino
ne 
Cr(NO3)3, KCl 140 °C, 2 h 28 [385] 
Maple wood H2O, THF FeCl3 170 °C, 1 h 51 [360] 
Reed BMIMCl [bi-C3SO3HMIM] 
[CH3SO3] 
CH3SO3/MgCl2 
120 °C, 1 h 33 [355] 
Straw BMIMCl [bi-C3SO3HMIM] 
[CH3SO3] 
CH3SO3/MgCl2 
120 °C, 1 h 31 [355] 
Reed EMIMCl CrCl2-RuCl3 120 °C, 2 h 51 [352] 
Corn stover Dimethylacet
amide, 
EMIM[Cl] 
LiCl, CrCl3, HCl 140 °C, 2 h 37 [386] 
Maple wood THF, H2O FeCl3 170 °C, 1 h 51 [386] 
BMIMCl = 1-butyl-3-methylimidazolium chloride; DMA = dimethylacetamide; DMSO = dimethyl 
sulfoxide; EMIMCl = 1-ethyl-3-methylimidazolium chloride; MBIK = methyl isobutyl ketone; THF = 
tetrahydrofuran. 
Source: Adapted from [387] and [388], with additions 
 
Other processes capable of producing “green” chemicals from simple sugars that merit 
consideration include the production of HMF from fructose and glucose, with a lignin-derived 
solid acid catalyst in DMSO-(BMIM)(Cl) [37]. This work suggests that biomass-derived 
catalysts could be more active for the target reactions than those produced from more refined 
carbon sources. This work also demonstrates that fructose is converted to HMF more efficiently 
than glucose, and that the presence of an ionic liquid and the use of microwave heating, as 
compared with conventional heating, results in dramatically improved yields. Microwave heating 
dramatically increases the speed of the reaction due to the activation of cellulose and 
strengthening particle collisions [338]. These facts are reinforced by reviews of the literature 
[388] and mechanistic reasoning. 
The mechanistic reasoning behind the higher furanic yield from fructose has been further 
explored in in another published work [234] and is supported by a review of hydrolysis methods 
from fructose and other carbohydrates [388]. HMF production from simple sugars usually 
proceeds though the furanose conformation of the sugar [233]. During this process, the pyranose 
conformation is more likely to participate in deleterious side reactions [234]. As covered in 
Sections 2.2.2 and 2.2.1 of this report, in an aqueous solution, fructose exists as 76.4% β-D-
fructopyranose, 19.5% β-D-fructofuranose, and 4.1% α-D-fructofuranose [223], whereas glucose 
is present as approximately 36% α-D-glucopyranose and 64% β-D-glucopyranose. The greater 
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percentage of the pyranose forms lead to higher yields of furanics from fructose, as compared 
with glucose. These mechanistic arguments are supported by the increased yield of HMF 
observed when dual functioning solid catalysts are employed, such as the simultaneous use of a 
solid acid and solid base catalyst [329], or the use of a solid catalyst containing both acid and 
alkaline active sites [286]. The alkaline catalytic sites assist the isomerisation of glucose to 
fructose, as this transformation (i.e., via Lobry de Bruyn–van Ekenstein transformation) is 
generally catalysed by base [389].  
Recent interest in furanic production has resulted in the publication of a raft of reviews 
[387, 388, 390], and therein an abundance of candidate catalytic processes. The development of 
furanic production processes utilising solid catalysts plays a vital role [390] for their improved 
precision and economic considerations [391-393]. Multifunctional catalysts (e.g., biomass-
derived, carbon-based catalysts [330]) used in simultaneous homogeneous and heterogeneous 
systems are promising possible candidate routes, as are biphasic methods eliminating the use of 
ILs and microwaves [390]. 
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3 Homogeneous Hydrolysis of 
Carbohydrates 
3.1 PREAMBLE 
In this chapter, the use of a strong acid biphasic hydrolysis system for the production of furanics 
(furfural and 5-chloromethylfurfural (or CMF) being the target molecules) is described. The 
conversion of glucose and xylose (model sugars), and mixtures thereof, using this system is 
reported. The simultaneous hydrolysis of these carbohydrates, the major pentose and hexose 
components of bagasse, will provide insight into the hydrolysis of lignocellulose. The two most 
interesting features of these reactions, in the context of this project, are the rate of furanic 
production and the relative yield of furanics. Furanic concentration, and hence production rate 
and yield, could potentially be monitored by using ultraviolet-visible (UV-Vis) spectrometry. 
Development of a quick and relatively simple UV-Vis method to quantitate furanic formation in 
situ is investigated. 
 
3.2 INTRODUCTION 
The use of aqueous solutions for the hydrolysis of saccharides to furanics increases the solubility 
of simple carbohydrates but also promotes side reactions such as humin formation and 
hydroxymethylfurfural (HMF) decomposition to acids [394, 395]. Water also leads to increased 
polymerisation reactions and humin formation, which interferes with the synthesis of HMF while 
simultaneously severely reducing catalytic activity for the dehydration reactions [396]. These 
issues could be avoided by using a non-aqueous media [227] or by simultaneously extracting 
HMF after the dehydration reaction using a biphasic system [32]. A recently developed biphasic 
hydrolysis method is reported to produce high yields of furfural from xylose [33] and CMF from 
glucose [17]. 
Traditionally, interest in monitoring furanic production during acid hydrolysis of 
biomass has been in the context of furanics as unwanted by-products. Dilute acid hydrolysis at 
moderate temperatures can be used to cleave the polysaccharides hemicellulose [397] and 
cellulose [398] to simple monomeric sugars. These simple sugars can then be converted into a 
wide variety of renewable fuels and chemicals by microbial biocatalysts [53]. Furfural and HMF 
are produced in significant concentrations during acid hydrolysis. The fact that these compounds 
are toxic to yeast and other microorganisms [399-401] has led to the development of rapid and 
efficient methods for the quantitation of total furanics in hydrolysis solutions using UV/Vis 
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spectrometry [402]. One drawback of this method is that it must be verified by other methods for 
each type of biomass. Verification is necessary as acid-soluble lignin and other phenolic 
compounds show absorption around the same spectroscopy region as furanics. The interference 
of these compounds needs to be accounted for before quantification is possible.  
A UV/Vis spectroscopic method with increased specificity (the ability to differentiate 
furanics) and robustness (application to various types of carbohydrate feedstocks) was recently 
developed [403]. This method makes use of the selective reduction of furanics by sodium 
borohydride to correct for the possible absorption by non-analytes in solution. Sodium 
borohydride selectively reduces the carbonyl group of aldehydes [404], removing furfural and 
HMF absorption and allowing baseline corrections to be made. This baseline measurement 
allows for furanic quantitation during hydrolysis for a range of biomass types. Interference from 
non-analyte can be easily calculated by UV-Vis measurements. The specificity of this method is 
provided by the individual quantitation of HMF and furfural (not total combined furanics), which 
is made possible by calculations involving the absorbance of solutions at two wavelengths 
(277 and 285 nm) before and after reaction with sodium borohydride. The equations used to 
calculate the concentration of furfural and HMF in a hydrolysis solution are: 
 
∆AR277 = 14100 C furfural + 13600 C HMF    Equation 3.1 
∆AR285 = 12410 C furfural + 15440 C HMF     Equation 3.2 
 
where ∆AR277 is the difference in absorbance at 277 nm before and after reduction with 
sodium borohydride, ∆AR285 is the difference in absorbance at 285 nm before and after 
reduction with sodium borohydride, and C furfural and C HMF are the concentrations of furfural and 
HMF in mol/L. Using these measurements and equations, rapid and accurate determination of in 
situ furanic concentration can be determined. 
 
3.3 MATERIALS  
Furfural, HMF, D-(+)xylose, D-(+)glucose and 1,2-dichloroethane (DCE) were of analytical 
grades, whereas NaOH and MgSO4·7H2O were reagent-grade (Sigma-Aldrich Castle Hill, 
NSW, Australia). Reagent-grade concentrated HCl (32 wt%), H2SO4 (98 wt%), ethanol and 
CH3COOH (32 wt%) were obtained from Merck (Kilsyth, VIC Australia). Research-grade CMF 
was obtained from Ark Pharm Inc. (Libertyville, IL, USA) 
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3.4 METHODS 
3.4.1 Homogeneous biphasic hydrolysis 
CMF preparation was similar to that reported in [32]; in summary, a known amount of simple 
sugars (i.e., glucose and/or xylose) was added to a 150 mL glass pressure tube containing 35 mL 
of concentrated HCl and 70 mL of DCE. The tube was sealed and heated to 90 °C while being 
stirred vigorously. After 1 h, the reactor was cooled to room temperature (approximately 24 ºC) 
and the organic layer, which had separated from the aqueous phase, was removed. Fresh DCE 
(70 mL) was added to the aqueous layer and stirred for 5 min, before the separation and removal 
of the organic phase was repeated. Again, 70 mL of fresh DCE was added to the aqueous layer, 
and the solution was heated to 90 °C for 1 h. After cooling, the organic layer was removed, the 
aqueous phase was mixed with fresh DCE for 5 min, and removal of the organic layer was 
repeated. Another 70 mL of fresh DCE was added to the aqueous phase, and the reaction was 
carried out a third time. The solid residue was collected after filtration of both the aqueous and 
organic phases, and was washed five times with 50 mL of distilled water. It was then dried under 
vacuum to constant weight at 45 ºC. The dried residue was stored in a sealed container at room 
temperature for further analysis. All DCE extracts were mixed and dried over anhydrous MgSO4 
and the solvent was evaporated under reduced pressure at < 40 °C to < 50 mL. Use of the 
selected reaction conditions will allow simpler comparison of experimental results with results 
from similar studies reported in the literature [23, 32].  
 
3.4.2 Gravimetric analysis 
The product obtained after removal of DCE was named “crude bio-oil” and dried under vacuum 
before being weighed. The bio-oil was purified by filtration through silica gel (approximately 
2 g) with the aid of dichloromethane (approximately 50 mL) followed by evaporation and drying 
under reduced pressure to constant weight at < 45 °C. 
 
3.4.3 Single extraction 
The DCE extraction solution was made up to 50 mL with fresh solvent. Half a millilitre of this 
solution was diluted to 10 mL with ethanol and thoroughly mixed. One millilitre of the diluted 
solution was added to 8 mL of deionised water and heated to boiling to convert CMF to HMF. 
The solution was then cooled to room temperature. This procedure was carried out in duplicate 
for each solution: one of the duplicates was made up to 10 mL with deionised water, and the 
other was kept for baseline determination. The UV-Vis absorbance spectrum of this solution was 
measured at 277 and 285 nm. 
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3.4.4 Combined extractions 
All six DCE extractions from hydrolysis were combined, before being evaporated under reduced 
pressure to approximately 40 mL. The solution was cooled to room temperature and made up to 
50 mL with DCE. Half a millilitre of this solution was then diluted to 10 mL with ethanol and 
thoroughly mixed. One millilitre of this solution was then added to 8 mL of deionised water, 
heated to boiling to convert CMF to HMF, and then cooled to room temperature. This procedure 
was carried out in duplicate for each solution: one of the duplicates was made up to 10 mL with 
deionised water, and the other was kept for baseline determination. The UV-Vis absorbance 
spectrum of this solution was measured at 277 and 285 nm. 
 
3.4.5 Standard and sample preparation for UV-Vis analysis 
A known quantity of the analytes of interest was dissolved and then diluted in a known volume 
of water. The absorbance of solutions of mixed furanics of known concentrations was measured 
at 277 nm. To determine interference by absorbance of non-analytes at 277 nm (and hence the 
baseline for measurements taken in the previous step), reduction with NaBH4 was carried out. 
This was done by adding approximately 20 mg of NaBH4 and 1 mL of 2 M NaOH to the second 
duplicate solution, before making the total volume up to 10 mL with water. After approximately 
30 min, absorbance at 277 nm was measured. The total furanic concentration was then 
determined by deducting these values from the absorbance of the unreduced solution and 
applying typical analytical calculations and comparisons to standards. Samples were prepared in 
the same way as outlined for standards. These standards were then used to construct a calibration 
curve for quantitation of mixed furanics in samples. 
 
3.4.6 UV/Vis quantitation  
The absorbance of this solution at 277 and 285 nm was determined using a Cintra, S.A. 40 UV-
Vis spectrophotometer. The baseline for each measurement was determined by the reduction of a 
duplicate solution, as per the method for single extractions (see Section 3.4.3). The 
concentrations of furfural and HMF were determined using the absorbance measurements (before 
and after reduction by NaBH4) at 277 and 285 nm inputted into Equations 1 and 2 (see Section 
3.2). Standards were prepared in the same way as is outlined for the samples. The known 
concentrations of these solutions were then compared with the calculated concentrations to 
determine the viability of this method for furanic quantitation. 
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3.5 RESULTS AND DISCUSSION 
3.5.1 Total furanic quantitation 
The total mixed furanic concentration in neat solution was calculated using the equation:  
 
Conc. = 0.1493 × A277 + 0.0552    Equation 3 
 
where A277 is the absorbance at 277 nm and concentration is given in mg/mL, 
confirming what has been reported in the literature for HMF and furfural [403]. A plot of 
absorbance versus mixed furanic concentration is presented in Figure 3.1.  
 
 
Figure 3.1 Absorbance versus (HMF and furfural) furanic concentration 
 
Validation is a key point in development of the analytical method, as the confirmed 
method is intended for use in the development of a quantitation procedure for a mixed solution of 
furanics (mainly CMF) resulting from strong acid biphasic hydrolysis, as well as prepared CMF 
and furfural solutions presented herein. Direct quantitation of furanics in the reaction solvent (i.e., 
DCE) was not possible due to spectral overlap. This was resolved using a bridging solvent (i.e., 
EtOH) and an aqueous final solution. Quantitation of CMF and furfural in an aqueous solution 
containing ethanol gave results with large errors, and solutions were observed to degrade at an 
accelerated rate, compared with a solution of HMF and furfural. The increased errors and the 
accelerated degradation could be due to the source of the CMF (high-quality standard CMF was 
not able to be obtained) or its reactive nature. CMF is known to react with water (especially 
Homogeneous Hydrolysis of Carbohydrates  
 Page 56 
under acidic conditions) to produce organic acids (i.e., LA and formic acid) and other furanics 
(i.e., HMF and furandicarboxylic acid) [22]. CMF also reacts with ethanol to produce ethyl 
levulinate (EL) and ethoxymethylfurfural (EMF) [23]. HMF (and presumably CMF) participates 
in polymerisation reactions with itself, as well as with carbohydrates (found in reaction 
solutions), or forms humic substances [405] and other polymers [406]. The modelled 
thermochemistry of CMF shows a lower free energy than HMF (in aqueous or gaseous phases), 
as well as low free energy changes for reactions such as LA formation (by further hydrolysis) or 
formation of EL or EMF (via alcoholysis) [258]; hence, there is greater likelihood of these 
reactions occurring during the hydrolysis reaction or work-up procedures. CMF is reported to 
appear stable in organic solvents [263] unsuited to UV-Vis quantitation. The requirement of an 
aqueous solution and lack of robustness in CMF quantitation led to derivatisation of CMF to 
HMF before good correlation between spectroscopic and gravimetric quantitation data could be 
obtained. 
The use of HPLC methods for the quantitation of furanics (e.g., CMF) was also 
investigated during this work. Quantitation via HPLC may provide resolution of some furanic 
(e.g., furfural HMF) as well as some organic acid signals [407]. CMF is not directly detectable 
via reverse phase HPLC methods because it breakdowns in the analyte. CMF is known to form 
organic acids (i.e., LA and formic acid) and other furanics (i.e., HMF and furandicarboxylic acid) 
under aqueous conditions [22]. 
 
3.5.2 Dual furanic quantitation 
HMF and furfural were quantitated simultaneously, using the methods outlined in Section 3.4.6. 
The calculated concentration of HMF in prepared solutions showed an average error of 1.3%, 
with no individual measurements error being > 1.7%. The quantitation of furfural proved to be 
less accurate, with an average error of 3.5%; this could be due to the lower concentrations of 
furfural resulting in a relative increase in noise. Table 3.1 shows the measured and actual 
concentrations of neat solutions. A plot of actual concentration versus measured/calculated 
concentration is presented in Figure 3.2. 
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Table 3.1  Measured and actual concentrations of HMF and furfural 
Actual furfural  
(mg) 
Actual HMF  
(mg) 
Measured furfural 
(mg) 
Measured HMF 
(mg) 
999.8 1192.0 894.2 1201.0 
156.9 339.5 162.6 334.0 
51.5 245.5 54.3 249.4 
 
 
 
Figure 3.2 Actual versus calculated/measured concentration 
 
The suitability of this method for the detection of CMF as the major analyte, with minor 
amounts of furfural and HMF, was examined. No equation (with acceptable errors), based on the 
Beer-Lambert law, was derivable that would allow for individual quantitation of both CMF and 
furfural. The elucidation of equations for the determination of CMF and furfural was not possible 
due to increased spectral overlap or degradation (see Section 3.5.3). In aqueous solution, CMF 
quantitatively converts to HMF, and the rate of this reaction is greatly influenced by temperature 
[248]; hence, in the present study, prior to UV-Vis analysis, the CMF-based solutions were 
converted to HMF-based solutions by boiling in aqueous solution (see Section 3.4.3). This 
allowed for the indirect determination of the CMF content of hydrolysed carbohydrates. 
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3.5.3 Bio-oil furanic quantitation 
Good correlation (R2 > 0.9) was found between gravimetric and spectroscopic data for the 
hydrolysis of neat carbohydrate solutions after derivatisation. The extension of the UV-Vis 
quantitation method to bio-oil from biomass (the production of which is detailed in Chapter 4) 
was unable to produce results that were comparable to either nuclear magnetic resonance (NMR) 
or gravimetric quantitation methods. This result may be due to the more complex nature of the 
hydrolysis products, which are investigated in Chapter 4. Differing amounts of lignin would also 
prove to be a challenge for quantitation methods based on these procedures, due to a higher 
concentration of phenolics (found in these solutions) possibly affecting UV-Vis determination of 
furanics [403]. 
 
3.5.4 Efficiency of monosaccharide hydrolysis 
The hydrolysis of glucose is much more efficient than xylose, as can be seen in Table 3.2, where 
the furanic yields (yields calculated as moles of carbohydrate monomer hydrolysed to respective 
furanic throughout this report unless otherwise stated) resulting from the hydrolysis of solutions 
containing varied ratios of hexose (glucose) and pentose (xylose) are presented.  
 
Table 3.2  Yields of furanics from monosaccharide hydrolysis 
Glucose (% mol, reactant) 100 95 85 75 60 0 
Xylose (% mol, reactant) 0 5 15 25 40 100 
CMF/HMF (%)A 79 74 72 62 55 n/a 
Furfural (%)A 2.7 2.3 2.0 8.7 8.6 22 
Combined furanics (%)B 82 77 74 71 64 22 
Purified bio-oil (%)C 85 77 75 71 68 n/a 
A Calculated via UV-Vis methods using Equations 1 and 2 (Section 3.2) 
B Calculated via UV-Vis methods using absorbance at 277 nm 
C Calculated using gravimetric methods 
Notes: Yields expressed as a percentage of total possible moles of five- and six-carbon furanics. 
Purified bio-oil yield calculated as yield of CMF from glucose, R.S.D <2% 
 
Homopolymerisation and condensation reactions possibly contributed to the comparative 
low yield of furfural production compared with CMF/HMF, as these types of reactions are 
known to lead to poor furfural yields in many historic processes [268]. The observed CMF/HMF 
yield (79%) was concordant with that reported in the literature for neat glucose solutions (81%) 
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[32], whereas the experimental yield of furfural (22%) was well below reported values (67%) 
[33], which were noted as being moderate due to intrinsic factors of pentose hydrolysis [408]. 
The possible leaching of furfural into the aqueous (reaction) phase or its incomplete partitioning 
into the organic phase would have lowered recorded yields; however, the concurrent reduction in 
CMF/HMF and furfural yields in mixed (glucose and xylose) hydrolysis reactions suggests 
unwanted side reactions or degradation reactions contributed to the decrease in yields. The 
agreement of the results from spectroscopic and gravimetric methods suggests the spectral 
overlap and lower furfural concentration (compared with CMF/HMF) did not interfere with its 
quantitation. 
The presence of xylose in the feedstock lowered the yield of glucose hydrolysis. This is 
probably due to by-products or intermediates from the xylose-to-furfural reaction interfering with 
the hydrolysis of glucose or reacting with the desired furanic product. The production of humic 
substances was noted both experimentally and in the literature [32]. Humic substance production 
is possibly facilitated by furfural [409]; however, there is some contention as to the role of 
furfurals in biological humic substance production [410]. Humic substances produced during 
strong acid biphasic hydrolysis are investigated in Chapter 4. 
 
3.5.5 Monosaccharide hydrolysis rate 
The rate (yield over time) of furanic production from mixtures of xylose and glucose appeared to 
be more similar to that of neat glucose than neat xylose (Tables 3.3 and 3.4, respectively). 
 
Table 3.3  Glucose and xylose mixed hydrolysis 
 Glucose Xylose Glucose 60% Xylose 40% 
(h), extract # 
Total furanics (%) 
Bio-oil  
(%) Total furanics (%) Total furanics (%) 
Bio-oil  
(%) 
1, 1 64.2 65 47.1 59.9 63 
1, 2 24.2 25 23.4 24.7 26 
2, 1 6.98 7.2 14.9 7.50 7.7 
2, 2 3.29 3.2 5.90 2.41 1.9 
3, 1 0.972 n/a 5.90 3.39 2.6 
3, 2 0.392 n/a 2.91 1.74 1.5 
Notes: Yields expressed as a percentage of total possible moles of five- and six-carbon furanics, R.S.D 
<2% 
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Table 3.4  Glucose and xylose mixed hydrolysis continued 
 Glucose 75% Xylose 25% Glucose 85% Xylose 15% Glucose 95% Xylose 5% 
(h), 
extract # 
Total 
furanics 
(%) 
Bio-oil  
(%) 
Total 
furanics 
(%) 
Bio-oil  
(%) 
Total 
furanics 
(%) 
Bio-oil  
(%) 
1, 1 63.0 63 63.5 66 65.8 67 
1, 2 23.4 23 23.1 23 23.8 23 
2, 1 7.37 7.4 7.59 8.1 8.85 9.9 
2, 2 3.11 3.1 1.80 2.3 0.792 n/a 
3, 1 2.40 2.4 2.84 2.5 0.931 n/a 
3, 2 0.93 0.93 0.82 0.85 0.178 n/a 
Notes: Yields expressed as a percentage of total possible moles of five- and six-carbon furanics. 
Purified bio-oil yield calculated as yield of CMF from glucose, R.S.D <2% 
 
The comparative rate (yield over time) of production of furanics from xylose is slightly 
slower than that of glucose (Table 3.4). Mixtures of xylose and glucose produced furanics at rates 
between those of each monosaccharide in isolation, as can be seen in Table 3.4. The rates of 
furanic production in mixtures are closer to that of glucose than xylose. This is due to greater 
yield of glucose hydrolysis using this system. Data from this study will inform the extension of 
this hydrolysis technique to biomass, which is reported in Chapter 4. 
 
3.6 CONCLUSIONS 
The use of a strong acid biphasic system for the hydrolysis of glucose and xylose was conducted. 
Although glucose yields were similar to those reported in the literature, xylose yields fell well 
below reported values. The concurrent hydrolysis of xylose and glucose lowered the yield of 
both, suggesting an increase in unwanted side reactions. The simultaneous hydrolysis of xylose 
and glucose resulted in an apparent weighted average (with respect to hexose and pentose 
concentration) of the reaction rate. 
The developed UV-Vis method required an additional derivatisation procedure to show 
good correlation with other quantitation methods, leading to a lack of resolution (e.g., 
differentiation of HMF and CMF). The use of the developed methods for the analysis of bio-oil 
produced from the hydrolysis of biomass was not possible, probably due to the increased 
complexity of the products, the nature of which are further investigated in Chapter 4. 
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4 Homogeneous Hydrolysis of Biomass 
4.1 PREAMBLE 
5-Chloromethylfurfural (CMF), a valuable intermediate for the production of chemicals and 
fuels, can be derived in high yields from the carbohydrates in biomass. This study examined the 
effect of sugar cane bagasse components and biomass architecture on CMF/bio-oil yield using an 
HCl/dichloroethane (DCE) biphasic system. The conversion of bagasse, pulp and molasses using 
this system is reported. Data concerning the stability of bio-oil and CMF would be of benefit in 
the design of processes from both an industrial and research perspective. The stability of 
commercial CMF, as well as crude and purified bio-oils, in a number of solvents are reported and 
characterised using nuclear magnetic resonance (NMR) and other analytical techniques. Some of 
the work presented in this chapter has been previously been published in the paper titled Effect of 
pretreatment on the formation of 5-chloromethyl furfural derived from sugarcane bagasse[411]. 
 
4.2 INTRODUCTION 
In recent years, producing fuels and chemicals from lignocellulosic biomass has received 
significant research interest. Compared with fossil-based resources such as crude oil and coal, 
lignocellulosic biomass is sustainable; in addition, atmospheric CO2 via photosynthesis is 
consumed in its production, making it a more environmentally friendly resource. 
Generally, two processes are used to produce fuels from lignocellulosic biomass. The 
first is a biochemical process, in which the biomass is converted to fermentable sugars via 
saccharification; subsequently, the sugars are converted into fuels such as ethanol and butanol. 
This process is time-consuming because of the long fermentation times (days) [9]. The other 
approach to produce fuels such as bio-oils or hydrocarbons is via a thermochemical process [13, 
14]. In this approach, the carbohydrate content of the biomass can be converted to furanics, such 
as 5-hydroxymethylfurfural (HMF) and furfural [15, 16], which are high-energy organic 
compounds able to be converted to fuel. Other furanics, such as CMF [17, 23], 5-
bromomethylfurfural (BMF) [18] and ethoxymethylfurfural (EMF) [19], can also be produced 
from biomass in very high yields. In addition to being a good resource for subsequent fuel 
production, these furanics are also very useful platform chemicals. 
Previous studies on CMF production via biphasic systems have principally focused on 
the optimisation of solvents and processes with different carbohydrate materials, including 
glucose, sucrose, cellulose, corn stover, wood and cotton [32, 412, 413]. Mascal and Nikitin 
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reported that CMF yields from lignocellulosic biomass, such as corn stover, were lower than 
those from microcrystalline cellulose, glucose and sucrose [32]. On the other hand, Gao et al. 
[412] observed significantly lower CMF yields for sucrose, glucose and cellulose when 
compared with Kraft Eucalyptus pulp and Eucalyptus wood. Differences in the CMF yields were 
also observed between Eucalyptus pulp and wood. On the basis of these results, it would be 
constructive to evaluate the effect of the biomass components and biomass architecture on CMF 
yield. As a consequence, untreated and pretreated sugar cane bagasse samples, which were 
different in both composition (different proportions of glucan, xylan and lignin) and structure, 
were evaluated for CMF yield using the biphasic system described by Mascal and Nikitin [32]. 
The pretreatment of biomass has been cited as the main bottleneck in “green chemical 
production” [47]; hence, it has affected the economics of “green chemical” manufacturing [129]. 
The solvents used to pretreat bagasse were NaOH, H2SO4 and the ionic liquid, 1-butyl-3-
methylimidazolium methylsulfonate (IL, BMIMCH3SO3). Two bagasse samples (NaOH-
bagasse and IL-bagasse) were prepared in the laboratory, and another two samples, NaOH-
treated, steam-exploded bagasse (SSE-bagasse) and sulfuric acid-treated, steam-exploded 
bagasse (ASE-bagasse) were produced in a pilot plant with a steam explosion facility. The solid 
residue remaining after acid hydrolysis of the biomass was characterised by solid-state NMR, 
phosphorous-31 nuclear magnetic resonance (31P-NMR), Mannich reactivity and elemental 
analysis in order to identify potential applications. This is because the residue (rich in lignin) 
constitutes a large proportion of the total biomass, and finding a use for it could improve the 
economics of CMF production from lignocellulosic biomass. 
Molasses, another carbohydrate-rich biomass produced as a by-product of sugar 
manufacturing, is a liquid containing less complex carbohydrates (possibly simplifying 
processing, resulting in lowed related costs) than bagasse. The potential advantages of molasses 
could be negated by its inherently higher value, as exemplified by current industrial processes 
(i.e., ethanol production) relying mainly on sugar cane juice or molasses [192] as feedstocks. In 
addition, cellulosic ethanol production is still not economically viable [63]. 
Compared with the neat carbohydrate solutions examined in Chapter 3, molasses 
contains very small amounts of pentose (e.g., xylose), organic matter such as lipids, proteins, 
amino acids, organic acids, oligo- and polysaccharides [186, 206, 207], and phenolics [208]. 
Inorganic cations (e.g., potassium, calcium, sodium, magnesium) and anions (e.g., chloride, 
sulfate, carbonate and phosphate) [186, 204, 205] are also present in molasses. Molasses and 
untreated bagasse contain comparable concentrations of hexose. 
CMF has been reported to be indefinitely stable as a solid or in a dilute (10%) organic 
solution at lower temperatures [263]. More data on the stability of hydrolysis bio-oils (as well as 
the target molecule, CMF) would be useful for both research and industrial method/process 
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design. As such, the stabilities of CMF and of bio-oils of varied purity were examined during this 
study. 
 
4.3 MATERIALS 
Furfural, HMF, D-(+)xylose, D-(+)glucose, D-(+)arabinose, n-butanol, 1,2-DCE, 
paraformaldehyde, diethyl amine, dioxane, pyridine, chromium acetylacetonate, cyclohexanol, 2-
chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP), dimethyl sulfoxide-d6 (DMSO-d6), 
chloroform (CHCl3) and deuterated chloroform (CDCl3) were of analytical grades, whereas 
NaOH and MgSO4·7H2O were reagent-grade (Sigma-Aldrich Castle Hill, NSW, Australia). 
Reagent-grade concentrated HCl (32 wt%), H2SO4 (98 wt%), ethanol and CH3COOH (32 wt%) 
were obtained from Merck (Kilsyth, VIC Australia). Research-grade CMF was obtained from 
Ark Pharm Inc. (Libertyville, IL, USA). Deuterium oxide (D2O) (99.9 atom% D) and 
BMIMCH3SO3 (> 95%) were obtained from Sigma-Aldrich (Castle Hill, NSW, Australia). 
Sugar cane molasses (final) and bagasse were collected from Racecourse Sugar Mill (Mackay 
Sugar Limited) in Mackay, Australia. 
 
4.4 METHODS 
4.4.1 Untreated bagasse 
Bagasse was dried to constant weight at 45 °C. The bagasse was divided into thirds and one-third 
was ground using a cutter grinder (Retsch SM100, Retsch GmBH, Germany) before being 
passed through a 2.0-mm aperture screen. The remaining two-thirds were ground and passed 
through 0.5-mm and 0.2-mm aperture screens, respectively. Therefore, the biomass compositions 
of all three bagasse samples were the same. The ground bagasse samples were used for CMF 
production. 
 
4.4.2 NaOH-bagasse 
Whole (i.e., unmilled) bagasse was passed through a sieve with an aperture of 1.0 cm to remove 
the pith. Depithed bagasse (1 kg dry weight) was delignified with 1.0 M NaOH solution and 
processed, according to a previously described procedure [414]. The pretreated bagasse was air-
dried for CMF production. A small portion of air-dried biomass was dried to constant weight at 
100 °C for determination of moisture. 
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4.4.3 IL-bagasse 
Depithed and milled bagasse with an aperture range of 0.25–0.5 mm was pretreated with aqueous 
1-butyl-3-methylimidazolium methylsulfonate solution containing 20% water (w/w). The 
pretreatment and post-pretreatment procedures were performed as described previously [415]. 
The pretreated bagasse was air-dried for CMF production. A small portion of air-dried biomass 
was dried to constant weight at 100 °C for determination of moisture. 
 
4.4.4 ASE-bagasse and SSE-bagasse 
The sulfuric acid-treated steam explosion and NaOH-treated steam explosion was carried out on 
the bagasse samples (ASE-bagasse and SSE-bagasse, respectively), at a pilot scale, at the 
Mackay Renewable Biocommodities Pilot Plant (Queensland, Australia) using a two-stage 
pretreatment reactor. The pretreatment reactor, which was designed and constructed by Andritz 
Inc (Glen Falls, NY, USA), consisted of a first-stage horizontal hydrolysis reactor (150 L) and a 
second-stage vertical reactor (69 L). Sugar cane bagasse (20 kg) was used for each pretreatment 
experiment. Sulfuric acid steam explosion was achieved with 3% (wt/dry fibre wt) H2SO4 at 
170 °C for 15 min, followed by steam impregnation at 185 °C for 5 min and steam explosion 
(explosion pressure = 2 MPa). Sodium hydroxide steam explosion was achieved with 15.5% 
(wt/dry fibre wt) NaOH at 170 °C for 30 min, followed by steam impregnation at 150 °C for 
5 min and steam explosion (explosion pressure = 2 MPa). Pretreated bagasse samples were 
washed with distilled water (4 × 1 L) and air-dried. The air-dried biomass was used for CMF 
production. A small portion of air-dried biomass was dried to constant weight at 100 °C for 
determination of moisture. 
 
4.4.5 Biomass compositional analysis 
The composition of untreated and treated bagasse samples, including the amounts of sugars and 
acid-insoluble residues, was determined by the average of the two duplicate tests based on the 
standardised National Renewable Energy Laboratory (NREL) method [416]. The morphology of 
the untreated and pretreated bagasse samples (gold-coated) was examined using an FEI Quanta 
200 Environmental scanning electron microscope (SEM) (Hillsboro, OR, USA) at an 
accelerating voltage range of 5–30 kV. Prior to analysis by SEM, photographs of the samples 
were taken with an Olympus BX41 System Light equipped with an Olympus Digital Camera 
(Melville, NY, USA). The composition of molasses, including identification and quantitation of 
major sugars and other minor organics, was determined by the average of the duplicate tests 
based on the standardised NREL method [407]. Total solids (including dissolved solids) were 
determined by the average of the duplicate tests based on the standardised NREL method [417]. 
Inorganic content was determined by inductively coupled plasma optical emission spectrometry. 
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4.4.6 Homogeneous biphasic biomass hydrolysis 
The method used for CMF preparation was similar to that described by Mascal and Nikitin [32]. 
A known amount of biomass was added to a 150-mL glass pressure tube containing 35 mL of 
concentrated HCl and 70 mL of DCE. The tube was sealed and heated to the required 
temperature (80, 90 or 100 °C) while being stirred vigorously. After 1 h, the reactor was cooled 
to room temperature (24 ºC) and the organic and aqueous layers separated. After the organic 
layer was removed, 70 mL of fresh DCE was added to the aqueous layer. The mixture was stirred 
for 5 min before the organic and aqueous phases separated, and the organic layer was again 
removed. Another 70 mL of fresh DCE was added to the aqueous layer and heated for 1 h. After 
cooling, the organic layer separated and was removed, before the aqueous phase was mixed with 
fresh DCE for 5 min. After the organic layer was separated and removed, 70 mL of fresh DCE 
was added and a third processing cycle was carried out. The solid residue was collected after 
filtration of both the aqueous and organic phases, and was washed with distilled water 
(5 × 50 mL) to obtain a neutral filtrate. It was dried to constant weight at 45 ºC and then stored in 
a sealed container at room temperature for further analysis. 
All DCE extracts were mixed and dried over anhydrous MgSO4 and the solvent was 
evaporated under reduced pressure at approximately 40 °C. The product obtained after removal 
of DCE was called “crude bio-oil” and was dried under vacuum before being weighed. The bio-
oil was passed through a silica gel (approximately 2 g) column and the oil was eluted with 
dichloromethane (approximately 50 mL) and solvent removed by evaporation. The purified oil 
was dried under vacuum to constant weight at 30 °C. 
 
4.4.7 Proton nuclear magnetic resonance analysis 
CMF was identified and quantified by proton nuclear magnetic resonance (1H-NMR) (Bruker 
Advance 400 MHz NMR spectrometer). Prior to NMR analysis, a known amount (approximately 
150 mg) of crude bio-oil or purified bio-oil was dissolved in a measured volume (10 mL) of 
solvent and, where applicable, a weighed amount of deuterated dimethylsulfone (approximately 
50 mg) as the internal standard (δ = 3.7 ppm). Spectra were normalised to the aldehyde peak (9.2 
to 9.8 ppm depending on the solvent). 
 
4.4.8 Carbon nuclear magnetic resonance analysis 
Carbon nuclear magnetic resonance (13C-NMR) was carried out using a Bruker Advance 400 
MHz NMR spectrometer. Prior to NMR analysis, a known amount (approximately 150 mg) of 
crude bio-oil or purified bio-oil was dissolved in measured volume (10 mL) of solvent.  
Homogeneous Hydrolysis of Biomass  
 Page 66 
 
4.4.9 Fourier transform infrared spectroscopy analysis 
Fourier transform infrared spectroscopy analysis (FTIR) was used to confirm CMF in the bio-
crude and purified material. Infra-red (IR) spectra were collected using a Nicolet 870 Nexus 
FTIR system, including a Continuum IR microscope equipped with a liquid nitrogen-cooled 
MCT detector and an attenuated total reflectance (ATR) objective incorporating a Si internal 
reflection element (Nicolet Instrument Corp. Madison, WI). The contact area with the sample 
was circular with an approximate diameter of 100 µm. Spectra were collected in the range of 
4000 to 650 cm-1, using 128 scans and 4 cm-1 resolution. 
 
4.4.10 Solid-state nuclear magnetic resonance analysis 
The macromolecular structure of the solid residue after CMF production was studied using 
a 13C cross-polarisation, magic-angle-spinning (CP-MAS) solid-state probe, mounted on an Inova 
400 Varian NMR spectrometer (Agilent, US) and operated at 100 MHz. MAS was conducted at 
13 kHz, a recycle time of 2 s, and an acquisition time of 33 ms over 4,000 scans. 
 
4.4.11 Phosphorous-31 nuclear magnetic resonance analysis 
Phosphorous-31 nuclear magnetic resonance (31P-NMR) analysis of solid residues after CMF 
production was conducted according to a previously described procedure [414]. The 
concentrations of the different hydroxyl groups were calculated based on the internal standard of 
cyclohexanol (chemical shift: 144.5–144.0 ppm). 
 
4.4.12 Mannich reactivity 
The Mannich reaction is used to provide information on the degree of substitution associated 
with the C-3 and C-5 aromatic positions of lignin [418, 419]. The procedure for the Mannich 
reaction used in the present study was same as that described previously [414]. The final solid, 
after the Mannich reaction, was subjected to elemental analysis. The nitrogen composition 
determined by elemental analysis was used to calculate the number of free C-3 and C-5 positions. 
 
4.4.13 Elemental analysis 
Elemental analysis was performed on the residues using a ‘Carlo Erba’ Elemental Analyser 
(Model NA1500, UK) instrument and method according to ASTM D 5373. Samples were first 
dried to remove moisture prior to analysis. Solid samples recovered after CMF production were 
weighed into a tin capsule that was flash burned in the presence of pure oxygen (excess) and 
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helium carrier gas. Gas chromatographic methods were used to compare calibrated standards for 
analysis of carbon, hydrogen, nitrogen and sulfur. Oxygen was obtained by difference. The 
higher heating value (HHV) of the sample was calculated using the following equation [420]:  
  
 
4.4.14 Organic extraction of hydrolysis aqueous phase 
NaOH was added to the aqueous phase resulting from hydrolysis until a pH of 2 was reached. 
The solution was filtered through a sintered glass filter, and the filtrate mixed and heated with n-
butanol (3.5 × aqueous volume) for 3 h at 50 °C. The solutions were allowed to settle and cool. 
Once separated, the organic phase was washed with water (3 × 100 mL), dried over anhydrous 
MgSO4, evaporated under reduced pressure to < 50 mL, and stored at approximately 4 °C. 
 
4.4.15 Organic acid quantitation 
Furfural and organic acids were quantitated using a method based on the “NREL – 
Determination of Sugars, By-products, and Degradation Products in Liquid Fraction Process 
Samples” [407] guidelines. 
 
4.4.16 Bio-oil stability 
The stability of commercial CMF, crude and purified bio-oil was examined under various 
conditions. Purchased CMF was first dissolved in DCE and filtered (sintered glass) to remove 
solid impurities. This was followed by removal of DCE under reduced pressure and immediate 
preparation of samples. Samples were either stored in a desiccator (containing silica gel) under 
vacuum or dissolved in specified solvents (i.e., CDCl3, D2O, DCE or DMSO) at room 
temperature for specified times. 
 
4.4.17 High-performance liquid chromatography methods 
A high-performance liquid chromatography (HPLC) system with a Bio-Rad Aminex HPX-87H 
column and Waters refractive index detector was used to detect and quantify furanics where 
possible. The mobile phase was 5 mM H2SO4 at a flow rate of 0.6 mL/min. The column 
temperature was 65 °C. A Phenominex RPM monosaccharide column was used to determine the 
sugars; the column temperature was 85 °C and the mobile phase was water at a flow rate of 0.5 
mL/min. Injections (20 µL) were carried out in duplicate, with no more than 8 sample injections 
between calibration standards. 
Homogeneous Hydrolysis of Biomass  
 Page 68 
 
4.4.18 UV-Vis analysis of solid products 
The solid products of hydrolysis were dried at 50 °C. The dried solids were sonicated with 7.5% 
wt. NaOH and filtered. An aliquot (1mL) of this solution was then diluted 10 fold with water and 
the spectrum was recorded using a Cintra, S.A. 40 UV-Vis spectrophotometer. 
 
4.5 RESULTS AND DISCUSSION 
4.5.1 Compositional analysis of treated and untreated bagasse 
Results of the compositional analysis of untreated and treated bagasse are presented in Table 4.1. 
 
Table 4.1  Compositional analysis of bagasse and pulp (%, dry basis) 
Bagasse type Glucan Xylan Arabinan Lignin Ash Extractives 
Untreated bagasse 43.0 17.4 1.7 21.5 9.4 8.2 
NaOH-bagasse 66.3 21.8 1.5 9.8 2.0 ND 
IL-bagasse 81.6 10.3 ND 6.9 0.8 ND 
ASE-bagasse 58.6 3.6 ND 29.6 8.2 ND 
SSE-bagasse 58.5 16.7 ND 24.8 ND ND 
Reproduced from [411] 
ND = not detected 
Note: < 2.0% (RSD) as per [416] 
 
A significant increase in the glucan content of NaOH-bagasse and IL-bagasse, compared 
with untreated bagasse, was observed following the removal of lignin, ash and extractives. IL 
pretreatment resulted in the greatest removal of lignin, as well as significant amounts of xylan. 
The modest increase in the glucan content for ASE-bagasse relative to bagasse was associated 
with removal of xylan and extractives, as the proportion of lignin was higher in the sample. The 
NaOH-bagasse and SSE-bagasse treatments mainly removed lignin; hence, a higher proportion 
of glucan was present compared with the untreated bagasse. The significant differences in the 
proportions of xylan and lignin contents among the samples are dependent on whether 
pretreatment was performed in alkaline or acidic conditions. At very high pH, delignification is 
predominant, whereas at very low pH, xylan removal is greatest. The high ash content in the 
untreated bagasse sample was due to the sample being directly obtained from the sugar factory: 
soil typically accounts for 1% of the wet mass of sugar cane billets delivered to factories. 
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The results of the experimental analysis is in agreement with previously published 
literature regarding the composition of similar bagasse [421, 422], and conformed to previously 
reported and widely cited limits [423]. The bagasse used in this study most closely resembled 
that used in [422], which reported a glucan content of 42.9%, xylan content of 22.8% and a lignin 
content of 27.0%. The differences in the reported composition of bagasse are due to the variable 
nature of the biomass itself. The effectiveness of the pretreatment processes reflects that 
published in the literature. IL pulps compositions are in agreement with the published pulp 
composition: a glucan content of > 70% and a xylan content in the range of 1.9–9.2% [422]. 
NaOH pulps are also similar to those published in the literature, with a cellulose content of up to 
52.7%, a hemicellulose content of 31.0%, and a lignin content of 10.0% [424]. The higher 
hemicellulose to cellulose ratio is probably due to the hemicellulose content of the starting 
material (34.3%). Steam-exploded pulps hydrolysed during this study were quite similar to those 
reported in the literature, which contained 57.5% cellulose, 6.6% pentosan and 32.5% lignin 
[425]. 
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Table 4.2  Photographs of bagasse and pretreated bagasse: (a) untreated bagasse, (b) 
ASE-bagasse, (c) IL-bagasse, (d) SSE-bagasse, and (e) NaOH-bagasse) 
 
(a) Bagasse 
 
(b) ASE-bagasse 
 
(c) IL-bagasse 
 
(d) SSE-bagasse 
 
(e) NaOH-bagasse 
 
The bagasse samples presented in Table 4.2 show significant macroscopic differences, 
including colour and particle size. The IL-bagasse, which contains the lowest proportion of 
lignin, is lightest in colour. The ASE-bagasse is muddy in appearance and has an intense brown 
colour, suggesting the dominance of lignin on the outer surface. 
SEM was used to examine the microscopic structural differences among the samples 
(Figure 4.1, panels a–e). The bagasse sample contained fibre bundles (Figure 4.1, panels a1 and 
a2), whereas acid treatment (ASE-bagasse) resulted in fibre disintegration (with lengths ranging 
from 10–100 µm; Figure 4.1, panels a1 and a2). The IL-bagasse sample mainly contained 
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defibrillated fibre strands (Figure 4.1, panel c1). The fibre surface was relatively clean and 
smooth because of the removal of lignin (Figure 4.1, panel c2). The NaOH-bagasse sample 
(Figures 4.1, panels d1 and d2) contained strands of longer defibrillated fibres (with lengths > 
200 µm) than the IL-bagasse sample. The morphological properties of SSE-bagasse (Figure 4.1, 
panel e1) were similar to NaOH-bagasse (Figure 4.1, panel d1); however, at higher magnification 
(Figure 4.1, panel e2), micro-cracks were observed due to steam explosion. The widths of the 
defibrillated fibres of IL, NaOH and SSE were within a similar range (approximately 10–30 μm).  
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Figure 4.1 Photographs and scanning electron micrographs of (a) untreated bagasse, 
(b) ASE-bagasse, (c) IL-bagasse, (d) NaOH-bagasse, and (e) SSE-bagasse 
(reproduced from [411]) 
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4.5.2 Effect of processing conditions on CMF yield 
The effect of reaction temperature on the conversion of untreated bagasse to CMF is presented in 
Table 4.3. Hydrolysis carried out at 90 °C resulted in the highest CMF yield (calculated as moles 
of carbohydrate monomer hydrolysed to respective furanic); however, this was not significant. 
Bredihhin et al. [426] found the optimum temperature to be 65 °C; below this temperature the 
reaction was slow, and above this temperature the yield of BMF (a furanic similar to CMF) was 
slightly lower for glucose, cellulose and aspen, with a biomass loading of 1%. Similar bio-oil 
results were obtained with < 2 mm and < 0.5 mm fractions, although a slightly lower yield was 
obtained with the smallest particle size fraction (which also retained a larger proportion of ash 
from the whole bagasse). The insignificant differences in the results are due to the very strong 
acidic system used, nullifying any mass transfer limitations caused by particle size differences. 
The difference in biomass loading from 0.5 to 1.5 wt% on the CMF yield was not significant. 
The reaction rate  (yield over time) was likely to be higher at 90 °C than 80 °C because 
the rate-limiting isomerisation of glucose to fructose (formed in situ) has a relatively high 
activation energy [427]. As such, further experiments with bagasse (< 2 mm particle size) were 
conducted at 90 °C and at a higher feed loading (5% and 10%) in order to quantify the furanics 
present in the bio-oil (Table 4.4). Maximum CMF and furfural yields (percent calculated as 
moles of carbohydrate monomer hydrolysed to respective furanic throughout this report unless 
otherwise stated) were obtained at 1%: thereafter the yields gradually dropped. The decreased 
yield of CMF (1H-NMR, δ = 9.62 (s, 1H), 7.25 (d, 1H), 6.58 (d, 1H) and 4.60 ppm (s, 2H)) was 
due to increased degradation to the by-products HMF (1H-NMR, δ = 9.75, 6.34 and 4.64 ppm), 
levulinic acid (LA) (1H-NMR, δ = 2.51, 2.35 and 2.17 ppm) and 2-(2-hydroxyacetyl)furan (1H-
NMR, δ = 7.60, 7.26 and 6.56 ppm). These results are consistent with a previously published 
study, which demonstrated that increasing biomass loading from 1% to 10% caused a 5−10% 
decrease in CMF yield with different biomass substrates [32]. Low yields of furfural (from the 
hemicellulose component of bagasse) were achieved in the present study (< 40 mol%), and were 
similar to the 40% yields from corn stover achieved by Mascal and Nikitin [33]. The low furfural 
yield highlights either low reaction selectivity for C5 sugars or reflects the instability of furfural 
under acidic reaction conditions, whereby furfural degrades to polymers and solid material 
(humins). The yield of furfural was reduced by approximately 13% at 10% bagasse loading, 
compared with 1%. There was also an increase in the solid residue content with increasing 
biomass loading. 
CMF production from various treated bagasse samples showed that yield was in the 
order IL-bagasse > SSE-bagasse > NaOH-bagasse > untreated bagasse >> ASE-bagasse (Figure 
4.2). IL-bagasse, which had the highest glucan (i.e., hexose sugars) content and the lowest lignin 
and ash content, gave the highest yield. This was not unexpected, as CMF conversion occurs via 
hexose sugar hydrolysis, and IL pretreatment led to the highest increase in the proportion of 
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cellulose due to the removal of the highest total non-cellulose components (Table 4.1 and 
Figure 4.2).  
Figure 4.2 shows the highest CMF yield was achieved with IL-bagasse (81.9%), 
followed by SSE-bagasse (78.2%), (NaOH)-bagasse (77.2%), untreated bagasse (73.5%) and 
ASE-bagasse (62.3%), which corresponded to lignin contents of 6.9%, 12.3%, 9.8%, 21.5% and 
29.6%, respectively (Table 4.1). The results presented in Figure 4.2 indicate lignin content had a 
negative effect on CMF yield, whereas high glucan content and low xylan content had a positive 
effect. In the case of ASE-bagasse – where the xylan content was lowest and glucan content was 
moderate – the low CMF yield can likely be ascribed to the high lignin content. The trend of 
higher yield with increasing cellulose content was also demonstrated for pure microcrystalline 
cellulose (83.5% CMF) and corn stover containing 33.9% cellulose (80.2% CMF) with 1% (w/v) 
substrate loading by Mascal and Nikitin [32]. At much higher substrate loading (10% w/v), pure 
cellulose gave a significantly higher CMF yield than corn stover (78.2% vs. 70.4%) [32]. This 
result could simply be due to a lack of sufficient contact between the corn stover biomass and the 
surrounding acid (i.e., cellulose accessibility). 
The ASE-bagasse sample gave the lowest yield of CMF as mentioned in the previous 
paragraph. This biomass contained the highest proportion of lignin but the lowest proportion of 
xylan. In terms of composition, the main differences between ASE-bagasse and SSE-bagasse 
were their proportions of ash and xylan (Table 4.1). Although ash is unlikley to influence CMF 
formation (given the use of concentrated acid), xylan may do because of its reactive nature under 
acidic conditions and the propensity of furfural to polymerise with other products and reactants. 
As such, the CMF yield was expected to be lower for SSE-bagasse because of its significantly 
higher xylan content. As this was not the case in the present study, there are likely to be other 
reasons for the difference. The difference in the size of the fibres appears not to play a role in 
CMF yield. As demonstrated in Figure 4.1, SEM revealed differences in ultra-structures. The 
ASE-bagasse was brown, indicating a predominance of lignin on the outer surface of the 
biomass. Lignin in this location would indicate significant redistribution from the fibre matrix 
following ASE pretreatment, as compared with SSE pretreatment or the other pretreatments. 
Selig et al. [428] reported the deposition of lignin droplets on the biomass after dilute acid 
pretreatment of maize stems. This phenomenon would have probably occurred with ASE-
bagasse; as such, ready access to the glucan component of the biomass by the concentrated acid 
could have been physically blocked. It is also possible that during the reaction process, acid-
soluble lignin species, which are highest in the ASE-bagasse acid system, react with the glucose 
released during hydrolysis, reducing the amount available for conversion into CMF. As such, 
ultra-structural differences, where there is a physical barrier involving lignin, clearly affected 
CMF yield. 
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Table 4.3  Conversion of untreated bagasse to bio-oil 
Loading 
 (wt%) 
Temperature  
(°C) 
Particle size  
(< mm) 
Bio-oil yield  
(%*) 
1.0 80 0.5 80.0 
1.0 100 0.5 76.1 
1.0 90 0.2 80.3 
1.0 90 0.5 80.9 
1.0 90 2.0 83.3 
0.5 90 0.5 81.4 
1.5 90 0.5 81.2 
Notes: Yields expressed as a percentage of total possible moles of five- and six-carbon furanics, RSD 
< 3%, bio-oil quantitated by gravimetric methods 
 
Table 4.4  Hydrolysis of untreated bagasse at higher biomass loadings 
Sample CMF Furfural HMF LA HAF Solids 
Bagasse-1% 74.1 38.4 n/a n/a n/a 45.1 
Bagasse-5% 72.3 34.2 3.9 2.3 3.0 45.7 
Bagasse-10% 69.8 33.5 3.7 2.6 3.3 47.9 
Notes: RSD < 3%; CMF,HMF, LA and HAF quantitated by NMR, furfural quantitated by HPLC, Notes: 
Yields expressed as a percentage of total possible moles of five- and six-carbon furanics 
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Figure 4.2 CMF yield (at 90 °C and 1 wt% feed loading) and biomass composition 
(reproduced from [411]) 
 
The progress of the reaction over time was not found to be significantly altered by 
pretreatment of the biomass using NaOH or IL methods (Figure 4.3); this is probably due to the 
relatively small effect of the micro-structure of the biomass on strong acid biphasic hydrolysis 
systems. 
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Figure 4.3 Hydrolysis progression over time 
 
Broadening of peaks and precipitation within the NMR solutions was observed and 
interpreted as possible evidence of degradation. As such, analysis of crude and pure bio-oil under 
a range of known storage conditions was carried out using NMR and other methods. Purchased 
CMF was included in this study to examine the influence of by-products from the hydrolysis 
reaction. 
 
4.5.3 Bio-oil stability 
The stability of both CMF and hydrolysis bio-oil, is of vital importance for industrial and 
research purposes. Commercial CMF was analysed using 1H-NMR after storage in various 
solvents to examine CMF stability (Figure 4.3). In CDCl3, CMF was stable at the end of the 14 
days of examination. In DMSO, after 7 days, peaks in the 1H-NMR spectra appeared at δ = 9.5, 
7.4, 6.6, 4.5 and 3.8 ppm and were associated with HMF (approximately 15 wt%). DMSO is 
hydrophilic and absorbs moisture, so the small amount of water present was expected to 
hydrolyse CMF to HMF. Additional degradation products were formed from CMF stored in D2O 
over the 14-day period. Peaks at 8.0 and 4.7 ppm indicated the presence of 2-(2-
hydroxyacetyl)furan (HAF) or the chlorinated analogue chloroketone, 2-chloro-1-(furan-2-
yl)ethanone (CFE), or of formic acid (approximately 8.0 ppm) and HMF (approximately 4.6 
ppm). HAF has been reported during analysis of products from this hydrolysis method [17]. 
(%
) 
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Formic acid is produced alongside LA from continued hydrolysis of hexose furanics [406] and 
exhibits a peak at approximately 8 ppm [429]; however, the expected quantitatively proportional 
relationship with peaks due to LA was not found and argues against this attribution. Additional 
peaks at 8.0 and 4.7 ppm suggest the presence of HAF or CFE. Although some of the other peaks 
linked to HAF or CFE [22] were not detected, these peaks may have been swamped by the CMF 
signal. LA was also detected in the CMF stored in D2O, with the associated peak dropping over 
time. So, from these results, it can be concluded that commercial CMF must be stored in a 
moisture-free environment or in a chlorinated solvent, such as chloroform. 
Figure 4.5 presents the 1H-NMR spectra of crude bio-oil stored in various conditions. 
The spectrum obtained with CDCl3 remains unchanged even after 2 weeks, and is similar to the 
fresh crude bio-oil. The spectra of the crude bio-oil stored neat at 20 °C in a desiccator (under 
reduced pressure) for 24 h and of that stored in DCE after 1 week show prominent peaks 
associated with LA formation (δ = 2.51, 2.35 and 2.17 ppm). The broad singlet at approximately 
1.3 ppm could be due to aliphatic extractives from bagasse, although polymeric degradation 
products are also possible [430]. 
The purification procedure, which is expected to remove soluble polymeric material, 
produced 1H-NMR spectra with sharper peaks (c.f. Figures 4.4 and 4.5). Surprisingly, LA is 
present in the purified bio-oil at a noticeably higher proportion than in the crude bio-oil. The 
peaks < 2 ppm also increased in intensities in the neat sample (Figure 4.5).  
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Figure 4.4 1H-NMR spectra of CMF stored in (a) CDCl3 for 2 weeks, (b) DMSO for 1 
day, (c) DMSO for 1 week, (d) D2O for 1 day, (e) D2O for 1 week, and (f) D2O for 2 weeks 
(reproduced from [411]) 
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Figure 4.5 1H-NMR of spectra of crude bio-oil: (a) freshly prepared, (b) stored for 24 h, 
(c) stored in DCE for 1 week, and (d) stored in CDCl3 for 1 week 
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Figure 4.6 1H-NMR spectra of purified bio-oil (a) freshly prepared, (b) stored for 24 h, 
and (c) stored in CDCl3 for 1 week (reproduced from [411]) 
 
Comparison of the spectra of bio-oil before and after purification revealed a broadening 
of peaks, possibly due to the presence of non-target furanic by-products or polymeric degradation 
products. The additional peak (to CMF) at 7.7 ppm in many samples is similar to that previously 
attributed to H2a of CFE/HAF or formic acid; however, the related peak at approximately 
4.2 ppm, which was attributed to H8 of CFE/HAF, is not present in bio-oil samples. This would 
suggest the peak at 7.7 ppm may be due to the expected product of pentose/hemicellulose 
hydrolysis, furfural [431], or the presence of HMF or a furfural H2a like hydrogen (Figure 4.7). 
The broad peak at 3.8 ppm in the crude bio-oil sample, which lessened in pure bio-oil samples, is 
possibly due to H7 of HMF. The presence of HMF would contribute to the observed broadening 
of signals in the crude bio-oil samples. The absence of HMF would allow for more accurate 
quantitation of CMF using the peak at 4.7 ppm which is attributed to H6 of CMF but possible 
includes the signal from the H6 of HMF. The additional broad singlet at 1.3 ppm may have been 
due to contamination during hydrolysis and work-up or aliphatic extractives from bagasse; the 
presence of an aliphatic region containing polymeric degradation products could also be 
responsible for the singlet. 13C-NMR was used to assist in the attribution of peaks: no change was 
observed when a chlorinated solvent was used but the use of more hydrophilic solvents resulted 
in the presence of additional peaks (Tables 4.6). 
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Table 4.5  1H-NMR peak attributions 
H Predicted 
Observed 
(ppm) 
CDMCl3, 
CMF 
Observed 
(ppm) 
DMSO, 
CMF 
Observed 
(ppm) 
D2O, 
CMF 
Observed 
(ppm) 
DMSO, 
Oil 
Literature values  
(ppm) 
CMF, H8 9.8, s, 1H 9.3, s, 1H 9.6, s, 1H 9.2, s, 1H 9.7, s, 1H 9.25, s, 1H [17] 
9.60, s, 1H [22] 
CMF, H4 7.0, s, 1H 7.0, s, 1H 7.5, d, 1H 7.3, s, 1H 7.3, s, 1H 6.95, d, 1H [17] 
7.18, d, 1H [22] 
CMF, H3 6.3, s, 1H 6.3, s, 1H 6.8, d, 1H 6.4, s, 1H 6.6, s, 1H 6.32, d, 1H [17] 
6.56, d, 1H [22] 
CMF, H6 4.3, s, 2H 4.3, s, 2H 5.0, s, 2H 4.4, s, 2H 4.7, s, 2H 4.36, s, 2H [17] 
4.59, s, 2H [22] 
HMF, H8 9.7, s, 1H  9.5, s, 1H   9.51, s, 1H [17] – 
HMF 
9.50, s, 1H [22] – 
HMF 
HMF, H4 7.2, d, 1H  7.4, d, 1H   7.21, d, 1H [17] – 
HMF 
7.18, d, 1H [22] – 
HMF 
HMF, H3 6.3, d, 1H  6.6, d, 1H   6.50, d, 1H [17] – 
HMF 
6.47, d, 1H [22] – 
HMF 
HMF, H6 4.6, s, 2H  4.5, s, ~ 2H   4.66, s, 2H [17] – 
HMF 
4.65, s, 2H [22] – 
HMF 
HMF, H7   3.4, br s 
3.8, br s, 
 3.9, br s 3.51, br s, 1H [17] 
3.57, br s, 1H [22] 
CFE, H2a 
HAF, H2a 
7.9, d, 1H 
7.9, d, 1H 
  8.0, s, 1H   
7.60 (d, 1H) [17] – 
HAF 
CFE, H8 
HAF, H8 
4.2, s, 2H 
4.3, s, 2H 
  4.7, s, 2H   
4.71 (s, 2H) [17] – 
HAF 
LA – H4 2.7, t, 2H   2.6, s, 2H  2.73, t, 2H [17] – 
LA 
2.74, 2t, 2H [22] – 
LA 
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LA – H5 2.7, t, 2H   2.3, s, 2H  2.59, t, 2H [17] – 
LA 
2.62, 2t, 2H [22] – 
LA 
LA – H8 2.1, s, 3H   2.0, s, 3H  2.17, t, 3H [17] – 
LA 
2.19, s, 3H [22] – 
LA 
Furfural, 
H6 
9.7, s, 1H    9.6, s, 1H 9.7, s, 1H [431] 
Furfural, 
H2 
7.9, d, 1H    7.7, s, 1H 7.6, d, 1H [431] 
Furfural, 
H4 
7.2, d, 1H    7.2, s, 1H 7.3, d, 1H [431] 
Furfural, 
H3 
6.6, s, 1H    6.7, s, 1H 6.6, s, 1H [431] 
Dimethyl 
sulfone 
3.0, s, 6H    3.0, s, 6H  
DMSO 2.5, m    2.5, m  
DCE 3.7, s    3.7, s  
Formic 
acid 
8.0, s   8.0, s, 1H  8.0, s [429] 
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Table 4.6  13C-NMR peak attributions 
 Predicted  (ppm) 
Observed  
(ppm) 
CDMCl3 
Observed  
(ppm) 
DMSO 
Ref  
(ppm) 
CMF, C8 178 178 179 
177 [17] 
178 [22] 
CMF, C2 156 156 157 
155 [17] 
156 [22] 
CMF, C5 153 152 153 
152 [17] 
153 [22] 
CMF, C4 122 123 125 
122 [17] 
123 [22] 
CMF, C3 112 112 114 
112 [17] 
112 [22] 
CMF, C6 37 37 37 
36 [17] 
37 [22] 
HMF, C8 178  178 178 [17, 22] 
HMF, C2 161  163 
162 [17] 
161 [22] 
HMF, C3 110  110 110 [17, 22] 
HMF, C6 56  56 57 [17, 22] 
DMSO 40  40  
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Figure 4.7 CMF, HMF, CFE, HAF, LA and furfural (left to right, top to bottom) 
 
4.5.4 Fourier transform infrared spectroscopy analysis of bio-oil 
Qualitative information regarding the composition of bio-oils resulting from the hydrolysis of 
bagasse and molasses was obtained by FTIR. The resulting spectra (Figure 4.8) was typical of 
CMF, with major analytical peaks correlating to an aldehyde group (approximately 1710, 2850 
cm-1), an ether group (approximately 1090 cm-1), a carbon/carbon double bond (approximately 
1460 cm-1), and an organic chloride group (approximately 680 cm-1), suggesting CMF is the 
major component of the bio-oils. Furfural could be masked during FTIR analysis due to the 
presence of many functional groups common to CMF and hence similar spectrum to CMF. A 
comparison of the FTIR spectra of crude bio-oil from the pulp of bagasse hydrolysis with the 
spectra from purified bio-oil or crude bio-oil from the hydrolysis of molasses revealed that the 
crude bio-oil from the hydrolysis of bagasse or pulp produced broader peaks associated with the 
major functional groups present in both furfural and CMF (as well as other furanics). The relative 
decrease of the peak due to the chloro functional group suggests the presence of furfural 
alongside CMF. The sharper peaks in the spectra of purified bio-oil suggest it is likely to contain 
less furfural (i.e., those resulting from the hydrolysis of low hemicellulose pulps or molasses) 
support the hypothesis that higher furfural content contributes to peak broadening. This is also 
reflected by NMR spectroscopic analysis of molasses and bio-oils from low hemicellulose pulps. 
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Figure 4.8 FTIR spectra of (a) crude bio-oils (p) pure bio-oils 
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4.5.5 Nuclear magnetic resonance analysis of crude bio-oil 
More detailed qualitative and quantitate information about the composition of crude bio-oil 
resulting from the hydrolysis of bagasse was obtained by NMR. The 13C-NMR spectrum of crude 
bio-oil shows peaks typical of CMF (36.5, 111.9, 156.0, 121.8, 152.9 and 177.7 ppm) and 
furfural (112.6, 121.1, 148.1, 153 and 177.9 ppm), suggesting these are the major products. The 
quantitation of CMF is possible by 1H-NMR. The 1H-NMR spectrum of crude bio-oil shows 
peaks typical of CMF at 9.65 (s, 1H), 7.19 (d, 1H), 6.58 (d, 1H) and 4.61 ppm (s, 2H), and 
furfural at 9.66 (d, 1H), 7.69(t, 1H), 7.25 (q, 1H) and 6.61 ppm (q, 1H) [17, 22, 32, 33]. Furfural 
can also be quantitated via know HPLC methods [407]. Other furanics likely to be present in 
crude bio-oil include HMF (9.53 (s, 1H), 7.23 (d, 1H), 6.52 (d, 1H), 4.69 (s, 2H) and 3.51 (s, 
1H)), LA, and 2-(2-hydroxyacetyl)furan (HAF) (7.6 (d, 1H), 7.26 (d, 1H), 6.56 (t, 1H), 4.71 (s, 
2H) and 3.26 (brs,1H)). LA is present as typical peaks at 2.96 (t, 2H), 2.41 (t, 2H) and 2.17 ppm 
(s, 3H) [22, 32]. The peak at 2.17 ppm is most appropriate to use to quantitate LA, as it is best 
resolved, a singlet and due to the greatest number of hydrogens. Although there is some evidence 
for the presence of other furanics, their quantitation was not practical for bagasse hydrolysis with 
biomass loadings ≤ 1% (g/mL). It was possible to quantitate HMF, LA and HAF at higher 
biomass loadings; that is, 5% and 10% (g/mL). At these higher loadings, the furanic yield 
decreased and the production of black solids increased. The increase in total biomass products 
recovered (Table 4.7) was likely to be due to the proportionally reduced experimental losses. 
 
Table 4.7  Hydrolysis of untreated bagasse at higher biomass loadings (by mass) 
Sample CMF Furfural HMF LA HAF Solids Total 
Bagasse-1% 31.9 7.6 n/a n/a n/a 45.1 84.5 
Bagasse-5% 31.1 6.7 1.7 1.0 1.3 45.7 87.6 
Bagasse-10% 30.0 6.6 1.6 1.1 1.4 47.9 88.6 
Notes: RSD < 3%; yields presented as conversion of total biomass (dry basis) 
 
These results are comparable with those found in the literature, with respect to the yields 
of furanics and solids from biomass, accounting for the difference in composition. Decreased 
yield of CMF due to increased degradation/by-products (i.e., HMF, LA and HAF) were observed 
at increased biomass loadings. This is reflected in the literature, though the decrease in yield is 
less severe. Published results for the hydrolysis of corn stover show a decrease of 10.2% with a 
10-fold increase in loading (1% corn stover: 80.2%; 10% corn stover: 70.4%) [32], whereas the 
result presented herein revealed a decrease of 4.3% with the same increase in loading. The less 
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severe decrease in yield is probably due to the additional extraction step introduced in this work. 
The production of furfural from the hemicellulose fraction of bagasse followed the same trends, 
with respect to decreased yield due to higher biomass loading, as those from the literature 
(40.3%, 10% loading) [432]; this is probably due to the reasons additional extraction step. 
 
4.5.6 Functional groups of solid residues 
The solid content after acid hydrolysis accounted for > 45% of the total biomass (on dry basis) 
for some samples. As this amount is significant, detailed characterisation of the solid residue was 
carried out to determine its value as a by-product. The functional groups present in the solid 
residue were investigated by attenuated total relectance-fourier transform infrared spectroscopy 
(ATR-FTIR). The wide peak in the range of 2979–3662 cm-1 can be attributed to O-H stretching 
vibrations, [433] the peak at 2940 cm-1 to C-H stretching, and the peak at 2892 cm-1 to C-H 
stretching vibrations of the methoxy group [433]. These peaks are broader in the spectrum of the 
solid residue than those of bagasse, suggesting modification of these groups through 
condensation. The peak at 1730 cm-1 is associated with a conjugated aldehyde or carboxylic acid 
carbonyl group, [433, 434] and is slightly more prominent in the residue. The residue contains 
peaks of higher intensities at 1602 cm-1 and 1510 cm-1 due to furanic ring stretching [372, 433, 
434], at 1035 cm-1 due to C-O stretching or ring deformation, [434] as well at 1360–1390 cm-1 
and 1280 cm-1 due to C-O stretching and ring vibrations [434, 435]. This suggests that 
condensation of furan species has occurred and could explain the low yield of furfural from the 
hemicellulose content of the bagasse. The peaks at 1462 cm-1 and 1421 cm-1 are assigned to 
methoxy groups in lignin [436], and are of higher intensity in the solid residue relative to 
bagasse. 
While residues are known to contain humic material based on similar published research 
[17, 22, 32, 33], no known published work records the recovery of lignin from this biphasic 
hydrolysis process. The lack of data regarding recovered lignin is probably due to the use of very 
few lignin containing biomasses, the lower concentration of it in these biomasses and the limited 
analytical techniques applied to the aqueous and solids phases produced from strong acid 
biphasic hydrolysis. The solid residue is 45–47% of the bagasse starting material; if it is assumed 
all lignin in the starting material is transferred to the residue, than approximately 50% of residues 
comprise lignin. This explains the extensive presence of lignin structural features in the residue. 
In the present study, a large portion of the lignin structure has been modified and/or condensed 
into humic structures, reducing the solubility of the residue to approximately 15–20% in 0.1 M 
NaOH solution. 
The CP-MAS 13C-NMR spectrum of the residue (Figure 4.10) and the assignment of the 
different regions of the molecular substructures were based on the information obtained in the 
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literature [437-439]. The two main prominent peaks at δ = 100 and 130 ppm are associated with 
the presence of aromatic compounds. The big shoulder at δ = 85 ppm could be related to C-α, -β 
or -γ substructure, and the slight hump at 65 ppm is the methoxyl substituent. The peaks at 
δ = 157–200 ppm are carbonyl substituents, whereas that at 220 ppm belongs to a keto group. As 
spectrum profile and the peaks of the phenolic (δ = 157 ppm) and the methoxyl (δ = 65 ppm) 
substituents are small, the hydrolysis residue is inferred to be dissimilar from lignin; in addition, 
the lignin is thought to have been modified by the concentrated acid process [440]. 
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Figure 4.9 FTIR spectra of (a) bagasse and (b) solid residue 
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Figure 4.10 CP-MAS 13C-NMR spectrum of bagasse hydrolysis residue  
 
Figure 4.11 shows the 31P-NMR of the solid residue from the hydrolysis of untreated 
bagasse and soda-bagasse lignin obtained by acid precipitation and drying of the black liquor 
produced during NaOH pretreatment. The spectrum of the solid residue is distinctly different 
from that of soda-bagasse lignin and contains very few peaks. This could be an indication of a 
highly polymerised and condensed material. It was observed that only about 20% of the solid 
residue was soluble in the work-up procedure for the analysis, and so this was the proportion 
revealed in the spectrum. The spectrum contains sharp peaks at δ = 149.5 and 146.5 ppm 
associated with aliphatic hydroxyl groups, a doublet at δ = 136 ppm associated with the 
carboxylic acid group [441, 442], and unknown peaks at 129, 132 and 132.5 ppm. The sharpness 
of the peak indicates low molecular weight phenolic species. 
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Figure 4.11 31P-NMR spectrum of bagasse hydrolysis residue (bottom) and soda lignin 
(top) (reproduced from [411]) 
 
 Ultraviolet-visible (UV/Vis) spectroscopy (Figure 4.12) shows a shoulder at 
approximately 330 nm that can be attributed to chromophoric groups contained on the side 
chains of lignin units (e.g., olefinic double bonds) [443], and suggests lignin remains somewhat 
uncondensed. UV-Vis spectra of the solids resemble the spectrum of a mixture of lignin and 
humic acid previously published in the literature [443, 444]. 
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Figure 4.12 UV-Vis spectrum of hydrolysis solid 
 
4.5.6.1 Elemental analysis and Mannich reactivity 
Mannich reactivity is an organic synthetic method used to study the chemical reactivity of lignin 
[445]. The elemental analysis of the solid residue (before and after treatment) is presented in 
Table 4.8.  
 
Table 4.8  Elemental analysis (wt%) of residue before and after Mannich reaction 
(reproduced from [411]) 
Solid residue N% C% H% S% O% 
Before Mannich reaction 0.01 52.92 5.34 0.05 41.73 
After Mannich reaction 1.44 42.36 5.23 0.00 50.97 
 
The increase in nitrogen content indicates the presence of C3 and/or C5 active sites on 
the phenolics in the solid residue. This amount is far less than the 2.24% and 2.49% obtained for 
soda-bagasse lignin and IL-bagasse lignin, respectively, in our previous work [414]. The low 
nitrogen results for the hydrolysis residues could therefore indicate that the modified solid residue 
obtained from the Mannich reaction will not be as suitable for the production of surfactant 
chemicals and polycationic materials as bagasse and IL-bagasse solid residue [446]. However, 
the results show that the residue has a higher calorific heating value (20.3 MJ/kg) than untreated 
bagasse (18.3 MJ/kg); thus, it could be used in combustion boilers to produce energy. The sulfur 
content is low and so should not be of major concern in these types of boilers. 
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4.5.7 Analysis of aqueous phase 
Organic acids could not be recovered from the hydrolysis of bagasse in significant quantities; 
however, they could be recovered from the hydrolysis of molasses. The primary organic acid in 
the organic extract of the aqueous phase was trans-aconitic acid, with 72.0%, 68.8% and 66.3% 
total aconitic acid recovered from the hydrolysis of 1%, 5% and 10% molasses, respectively. 
Aconitic acid has long being considered the major organic acid of interest in molasses and other 
cane juices [205, 432]. Although NMR spectra may show characteristic peaks of aconitic acid 
around 4 and 7 ppm, a large amount of noise from aliphatic substances in the extract complicate 
the spectra. Analysis of FTIR spectra supports the conclusion that the organic extract contains 
trans-aconitic acid (or a similar organic acid) and large amounts of aliphatic substances. The 
presence of aconitic acid mainly in the trans configuration was expected, as the cis conformation 
is converted to the trans conformation under heat and/or acidic conditions [447]. 
 
4.5.8 Molasses hydrolysis 
The major components of molasses were water (26.0%), glucose (11.2%), fructose (12.3%) and 
sucrose (24.2%) by weight (47.7% total reducing sugars). Dissolved solids in molasses included 
Al (0.54 mg/L), Ca (960 mg/L), Fe (6.2 mg/L), Mg (740 mg/L), P (86 mg/L), K (3400 mg/L), Si 
(93 mg/L), Na (62 mg/L) and S (990 mg/L). These values are within the expected range for 
molasses from the region [203], and cane molasses more generally [205]. The results of molasses 
hydrolysis are presented in Tables 4.9 and 4.10. 
 
Table 4.9  Hydrolysis of molasses at higher biomass loadings 
Sample CMF Furfural HMF LA HAF Solids 
Molasses-1% 81.2 < LOQ 6.8 3.8 4.1 n/a 
Molasses-5% 80.1 < LOQ 6.9 4.0 3.8 n/a 
Molasses-10% 77.8 < LOQ 6.8 5.2 3.9 n/a 
LOQ = limit of detection 
Notes: RSD < 3%; yields presented as percentage conversion of C6 or C5 saccharides 
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Table 4.10  Hydrolysis of molasses at higher biomass loadings (by mass) 
Sample CMF Furfural HMF LA HAF Solids Total 
Molasses-1% 60.1 < LOQ 5.0 2.8 3.0 10.1 81.1 
Molasses-5% 59.3 < LOQ 5.1 3.0 2.8 11.0 81.2 
Molasses-10% 57.6 < LOQ 5.0 3.8 2.9 12.3 81.6 
LOQ = limit of detection 
Notes: RSD < 3%; yields presented as conversion of total biomass (dry basis) 
 
The hydrolysis of saccharides in molasses was found to proceed more efficiently than 
bagasse. Although there are no published results (to the author’s knowledge) pertaining to the 
hydrolysis of liquid biomass (in this case molasses) via a strong acid biphasic system, the results 
presented herein align with previously published work demonstrating sucrose (89.7%), the major 
component of molasses, is more efficiently converted to CMF than cellulose – either 
microcrystalline (83.5%) or that found in corn stover (80.2%) [32]. The higher yields from 
sucrose compared with those of glucose (81.2%) [32] (the monomer of cellulose), would also 
contribute to lower yields from cellulose. 
The production of CMF from disaccharides (i.e., sucrose) or polysaccharides (i.e., 
cellulose) proceeds through the cleavage of these reactants to their corresponding 
monosaccharides. The hydrolysis of sucrose results in equimolar production of fructose and 
glucose, whereas the hydrolysis of cellulose results in glucose. The formation of CMF from 
fructose is more mechanistically favourable than glucose [234]; hence, it is also higher yielding 
[22]. 
The higher yield of furanics from molasses than from bagasse and bagasse pulp is also 
likely to be due to molasses being less physically resilient to hydrolysis. The higher ratio of HMF 
to CMF in the bio-oil from the hydrolysis of molasses is probably due to the higher water content 
of the biomass, as CMF undergoes nucleophilic substitution to HMF in the presence of water 
[248]. The higher ratio of LA and HAF to CMF in the bio-oils resulting from the hydrolysis of 
molasses is possibly due to its less resilient (polymeric) nature, facilitating faster hydrolysis and 
increasing the opportunity for further degradation of furanic products. In addition, the higher 
content of water in the reaction matrix would have contributed to the degradation of CMF. 
The solid residue resulting from the hydrolysis of molasses was examined by FTIR 
spectroscopy and compared with solids resulting from the hydrolysis of bagasse. The most 
notable differences between the spectra were the decrease in absorbance in the region around 
approximately 1050 cm-1, less distinct peaks in the 1000 to 1700 cm-1 region, the shift to a higher 
wave number in the 3000 to 3700 cm-1 region, and the peaks at approximately 2900 cm-1. These 
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changes suggest the presence of a more humic-like substance containing greater amounts of 
nitrogen in the form of amines and amides. This is probably due to molasses having higher 
protein content and lacking any lignin, resulting in a more humic acid or melanoidin polymer-like 
solid residue.  
Melanoidin polymers are nitrogen-containing polymers associated with humic substance 
[448] but of a less aromatic nature [449]. The presence of amino or organic acids, as well as 
phenolics (which are more prevalent in molasses [186, 206-208] than other tested biomass) can 
lead to the formation of melanoidin by-products, with HMF as an intermediate [450]. Presumably 
CMF could act as an intermediate for the formation polymers as well. 
 
4.6 CONCLUSIONS 
The results indicated that although pretreatment of bagasse improved CMF yield, it possibly was 
not significant enough to warrant its use prior to acid hydrolysis. In fact, the use of some types of 
pretreatment could significantly reduce CMF yield. Pretreatments that result in lignin re-
distribution and possibly other surface changes appear to affect CMF production; however, as 
pretreatment results in fractionation of the main components, converting the hemicellulose and/or 
lignin components to value-added products will improve biomass conversion processes. This is 
because the use of a biphasic system involving concentrated acid for CMF destroys the 
hemicellulose component of the biomass and renders the lignin component highly condensed. A 
fractionation/pretreatment process that separates the three main lignocellulosic components will 
allow each component to be treated individually; therefore, the economics of CMF production 
will be improved. The removal of hemicellulose and lignin reduces the amount and type of 
impurities that end up in the crude bio-oil, thereby simplifying the purification process and 
reducing the cost of CMF production. 
The present study has also highlighted the instability of CMF. CMF was shown to be 
fairly stable in chlorinated solvents, but broke down when stored neat as a bio-oil or exposed to 
moisture. 
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5 Heterogeneous Hydrolysis of 
Carbohydrates 
5.1 PREAMBLE 
In this chapter, the use of solid acid catalysts for the production of hydroxymethylfurfural (HMF) 
from mono- and disaccharides is presented. The hydrolysis of mixed carbohydrate (i.e., glucose, 
fructose and sucrose) solutions by the solid acid catalysts, tungstated zirconia, niobic acid and 
sulfonated amorphous carbon, were examined. The progress of this reaction was monitored under 
a range of experimental conditions. These catalysts have been reported to catalyse HMF 
production from individual carbohydrates. There is little information in the literature regarding 
the hydrolysis of mixtures of simple sugars by these catalysts, nor the propensity of the mixtures 
for self-catalysis. The use of acid bagasse- or molasses-derived sulfonated carbon catalysts has 
been reported for biodiesel production but has not been applied to HMF production. This chapter 
presents a comparison of the effect of these heterogeneous catalysts on the hydrolysis of sucrose, 
glucose and fructose mixture (i.e., synthetic molasses) for HMF yield. 
 
5.2  INTRODUCTION 
The hydrolysis of simple carbohydrates using solid (heterogeneous), as opposed to liquid 
(homogeneous), acid catalysts is advantageous due to ease of separation and reuse [314]. Solid 
acids such as tungstated zirconia-based [34], niobium-based [35, 36] and sulfonated amorphous 
carbon-based [37] catalysts have been identified as having potential for furanic production. Solid 
acid catalysts produced from molasses [24] or bagasse [25] are yet to be applied to carbohydrate 
hydrolysis for HMF production. Furanic production by solid acid catalysts has been reported to 
proceed and peak in yield and/or specificity over a range of different temperatures and times 
using microwave heating [36, 37, 341, 451-454]. The present hydrolysis study for HMF 
formation was monitored by starting at a relatively low temperature and gradually increasing to 
the point of producing less revealing data on the carbohydrate conversion process [455]. The 
selection of a relatively low temperature, and hence reaction rate, was intended to increase the 
resolution of the reaction profile. Hexoses such as glucose, fructose and sucrose are self-catalytic 
(and presumably cross-catalytic) for furanic production via hydrolysis [456]. These furanics 
could further degrade to organic acids that are capable of acting as catalysts for both furanic 
production and degradation [456]. In this project, a neat carbohydrate solution with a fixed ratio 
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of the most prevalent saccharides in molasses (i.e., glucose, fructose and sucrose) was examined 
for HMF production. 
Tungstated zirconia catalysts are solid acids that have been previously reported to be able 
to produce furanics from fructose in aqueous conditions in moderate yields [34]. Zirconia 
catalysts possess weak Brønsted acidity, as well as medium to high Lewis acidity or substantial 
basicity [457-460]. The acidity of these catalysts can be tuned by combination with additional 
oxides [34]. The addition of tungstate to zirconia (WO3-ZrO2) results in the removal of basic 
sites (i.e., surface anions) in conjunction with a profound increase in Brønsted acidity [461, 462], 
and a reduction in the surface area of the catalyst [463]. Tuning of the ratio of acid to base sites 
resulted in improvements in catalyst dehydration of glycerol to acrolein [463], as well as fructose 
to HMF [34]. 
Niobic acid (Nb2O5) is a solid catalyst with tuneable acidity [464], which has also been 
used for the production of HMF from fructose [35, 465, 466] and glucose [467]. It can be used 
as, or incorporated into, more sophisticated biomass saccharification catalysts, such as 
HNbMoO6 [335]. The hydrolysis of biomass extract directly to HMF can also be conducted with 
this catalyst [467]. Niobic acid has strong Brønsted and Lewis acid sites on the surface of the 
catalyst [468], and is water tolerant [315]. The relatively high water content of niobium 
compounds [469, 470] is reported to increase catalytic activity [471, 472], which is unusual for 
acidic metal oxide catalysts [473]. Their stability in water [474] comes, in part, from the OH 
group maintaining functionality as a Brønsted acid due to the polarised and distorted nature of the 
Nb-O bond (found in the NbO4 tetrahedral, as opposed to the NbO6 octahedral also present), 
which also acts as a Lewis acid [473]. 
Sulfonated amorphous carbon has been used to catalyse furanic production from 
monosaccharides [37] and (with modification) the saccharification of biomass [316, 330, 475]. 
The acidity of bagasse- and molasses-derived catalysts can be tuned by the alteration of 
production conditions [24, 25]. The attachment of multiple different catalytic sites to amorphous 
carbon allows for versatility in their use for different biorefining processes (e.g., saccharification 
and/or furanic production). 
 
5.3 MATERIALS  
HMF, D-(+)xylose, D-(+)glucose, D-(+)fructose and sucrose were of analytical grades, whereas 
NaOH and NaCl were reagent-grade (Sigma-Aldrich Castle Hill, NSW, Australia). Reagent-
grade concentrated HCl (32 wt%), H2SO4 (98 wt%), phenolphthalein, CH3COOH (32 wt%) and 
formic acid were obtained from Merck (Kilsyth, VIC Australia). Sugar cane molasses and 
bagasse were collected from Racecourse Sugar Mill (Mackay Sugar Limited) in Mackay, 
Australia. Commercial samples of WO3-ZrO2 (10 wt% of WO3) were purchased from MEL-
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chemicals (Flemington, USA) via Université Lyon, IRCELYON, Institut de Recherches sur la 
Catalyse et l’Environnement (Lyon, France). Nb2O5-nH2O (NBO) was obtained from H.C. 
Starck (Goslar, Germany) via the Université Lyon, IRCELYON, Institut de Recherches sur la 
Catalyse et l’Envrionnement de Lyon. Sulfonated amorphous carbon catalysts were prepared at 
the Centro Interdipartimentale di Ricerca Industriale Energia-Ambiente, Università di Bologna 
(Ravenna, Italy). 
 
5.4 METHODS 
5.4.1 Biomass compositional analysis 
Acidic catalysts were prepared from sugar cane molasses or bagasse by pyrolysis, followed by 
sulfonation. The compositions of bagasse and molasses were determined by standard methods 
based of those of the National Renewable Energy Laboratory (NREL) [407, 416, 417]. Inorganic 
content was determined by inductively coupled plasma optical emission spectrometry. See 
Section 4.4.5 for further details regarding the method of biomass compositional analysis. 
 
5.4.2 Catalyst preparation and characterisation 
WO3-ZrO2 was obtained as commercial samples and calcinated for 5 h at 500 °C in air, before 
storage and use. Adsorption microcalorimetry (total and Lewis) was carried out for acid and base 
site measurement, using NH3, pyridine or SO2 at 150 °C in a heat flow calorimeter (Setaram 
C80) coupled to a standard volumetric apparatus with a capacitance manometer (Barocel). An 
equilibrium pressure (approximately 67 Pa) was maintained by repeated addition of gas, which 
was followed by outgassing for 30 min, before another adsorption run at approximately 27 Pa. 
Data from this procedure allowed for the comparison of reversibly and irreversibly adsorbed gas 
(i.e., NH3 or SO2); hence, total and strong acid or base sites were able to be quantitated. 
Pretreatment of these samples was carried out at 300 °C overnight (1 °C/min heating rate, 
reduced pressure). Sample surface area (m2/g) was determined from N2 adsorption and 
desorption isotherms carried out at -196 °C using a Micromeritics 2020 instrument and 
application of Brunauer–Emmett–Teller (BET) methods to the resulting isotherms. Samples were 
pretreated at reduced pressure for 2 h (400 °C) before surface area analysis. Elemental analysis 
was performed using inductively coupled plasma-atomic emission spectroscopy (ICP-AES; 
Perkin-Elmer M1100). These WO3-ZrO2 catalyst preparation and analysis (i.e., acid and base 
site measurement and surface area analysis) methods are based on those reported in previously 
published literature [463, 476, 477]. 
Nb2O5 was calcined in air at 400 °C for 5 h before storage and use. Acid and base sites 
were determined using NH3 and SO2 at 300 °C, using the system described earlier for WO3-
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ZrO2. Elemental analysis was performed using inductively coupled plasma-optical emission 
spectroscopy (ICP-OES; ACTIVA spectrometer) after first being dissolved in concentrated 
H2SO4 and HNO3. Sample surface area (m2/g) was determined from N2 adsorption and 
desorption isotherms, as described previously for WO3-ZrO2 in this Section 5.4.2. The Nb2O5 
catalyst preparation and analysis (i.e., acid and base site determination, elemental and surface 
area analysis) methods are based on previously published literature [463, 464, 473, 478]. 
Bagasse/molasses pyrolysis for catalyst preparation was carried out using a sliding 
sample holder and quartz tube heated by a co-axial furnace under N2 at 420 °C for 8 h. Resulting 
solids were ground and sulfonated with H2SO4 under N2 at 150 °C for 15 h. The sulfonation 
mixture was then cooled, filtered, and extensively washed with hot water, followed by drying 
under reduced pressure for 48 h at 70 °C, before being stored. Measurement of total acid 
functional groups (i.e., –SO3H, –COOH and –OH) was by back-titration of NaOH with HCl 
using phenolphthalein as an indicator. A standardised solution of NaOH (approximately 0.01 M, 
20 mL) was sonicated with an accurately weighed (approximately 0.05 g) representative sample 
of catalyst for 1 h. A solution was obtained by centrifugation and filtration, and titrated with 
standardised (0.01 M) HCl. The –SO3H functional groups were measured by titration with 
NaOH using phenolphthalein as an indicator after treatment with NaCl solution. A standardised 
solution of NaCl (approximately 0.01 M, 20 mL) was sonicated with an accurately weighed 
(approximately 0.05 g) representative sample of catalyst for 1 h. A solution was obtained by 
centrifugation and filtration, and titrated with standardised (0.01 M) NaOH. These methods of 
biomass (i.e., bagasse and molasses)-derived catalyst preparation and analysis (i.e., functional 
group titration) are based on published literature [24, 338, 479]. 
 
5.4.3 Carbohydrate solution preparation 
Fructose, glucose and sucrose in a ratio of 12:11:24 by weight were dissolved and diluted in 
water to give a 67 g/L carbohydrate solution. This ratio was chosen to represent a typical 
composition of molasses present in Australian sugar mills (see Section 4.5.8). 
 
5.4.4 Microwave hydrolysis 
In a typical hydrolysis run, 300 mg of catalyst was added to 25 mL of a 67 g/L carbohydrate 
solution and sealed in a Teflon reactor of a Milestone START SYNTH microwave, which was 
heated (300 W) to a predetermined temperature for the specified time with internal magnetic 
stirring. After heating, the solution was cooled, centrifuged to remove any solids, and diluted. 
Samples were then stored at -4 °C. This hydrolysis method is based on work originally published 
by Wu et al. [338], and is reported to be high yielding and robust. Hydrolysis methods for a range 
of different carbohydrates with alternative catalysts, under a variety of conditions, using methods 
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based on the procedure by Wu et al. [338] have been published [15, 316, 318, 330, 475]. The 
hydrolysis method used in the present study is also comparable to published procedures that 
make use of inorganic catalysts [34, 478], suggesting it may be able to be extended for use with 
WO3-ZrO2 and Nb2O5. 
 
5.4.5 High-performance liquid chromatography methods 
The high-performance liquid chromatography (HPLC) system used to detect and quantify HMF 
consisted of a Bio-Rad Aminex HPX-87H column and Waters refractive index detector. The 
HPLC system used to detect and quantify sugars made use of a Phenominex RPM 
monosaccharide column (See Section 4.4.17 for further details regarding the HPLC methods 
used). Injections were carried out in duplicate, with no more than 8 sample injections between 
calibration standards. 
 
5.5 RESULTS AND DISCUSSION 
5.5.1 Biomass compositional analysis 
Biomass used in the production of solid acid catalysts was analysed, and the results are presented 
in Section 4.5.8. Molasses was found to contain 47.7% total reducing sugars (11.2% glucose, 
12.3% fructose and 24.2% sucrose) and 26.0% water, and to contain dissolved inorganics; see 
Section 4.5.8 for further results concerning the composition of molasses. The compositional 
analysis of molasses was within the expected range, and was similar to that reported in the 
literature [203, 205]. Bagasse was composed of 43.0% glucan, 17.4% xylan and 21.5% lignin, in 
agreement with previously published literature [421, 422] and within previously reported and 
widely cited limits [423]. See Section 4.5.1 for further information on the composition of 
bagasse.  
 
5.5.2 Catalyst characterisation 
The WO3-ZrO2 catalyst had a BET surface area of 45 m2/g and contained 10% WO3 by weight 
[463]. The total base sites were 0.37 µmol/m2, with strong base sites at 0.26 µmol/m2, as 
determined by total and irreversible SO2 adsorption measurements. The total and strong acid 
sites of the catalyst gave values of 2.52 and 1.54 µmol/m2, as determined by total and irreversible 
NH3 adsorption, respectively (see Table 5.1) [477]. The Lewis acid sites were 2.2, 1.0 and 
0.6 µmol/m2 measured at 25, 150 and 250 °C, respectively, using the pyridine adsorption 
technique. Brønsted acid sites were measured to be 1.5, 0.9 and 0.4 µmol/m2 at similar 
temperatures as those used for the measurement of Lewis acid sites. The total acid sites were 
measured to be 3.7, 1.9 and 1.0 µmol/m2 (see Table 5.1) [477]. 
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The Nb2O5 catalyst was found to have a BET surface area of 103 m2/g and total base 
sites of 0.08 µmol/m2, with stronger base sites at 0.05 µmol/m2 measured by total and irreversible 
SO2 adsorption. The total and strong acid sites by NH3 total and irreversible adsorption, 
respectively, were at 1.69 and 1.01 µmol/m2 (see Table 5.1) [464]. 
 
Table 5.1  Inorganic solid catalyst characterisation 
Catalyst 
BET surface 
area (m2/g) 
Base sites 
(µmol/m2) 
Strong base sites 
(µmol/m2) 
Acid sites 
(µmol/m2) 
Strong acid sites 
(µmol/m2) 
WO3-
ZrO2 
45 0.37 0.26 2.52 1.54 
Nb2O5 103 0.08 0.05 1.69 1.01 
 
 
Table 5.2 gives the characteristics of the sulfonated amorphous catalysts. The molasses-
derived sulfonated amorphous carbon catalyst (M-SO3H) gave 3.98 mmol/g total acid sites (i.e., 
–SO3H, –COOH and –OH) and 2.01 mmol/g strong acid sites (–SO3H) by titration; these values 
are similar to previously published results for beet molasses-derived catalysts [24]. The bagasse-
derived sulfonated amorphous carbon catalyst (B-SO3H) had 3.61 mmol/g total acid sites (i.e., –
SO3H, –COOH and –OH) and 1.89 mmol/g strong acid sites (–SO3H) by titration; again, these 
results are is similar to previously published results [25]. 
 
Table 5.2  Organic solid catalyst characterisation 
Catalyst 
Acid sites  
(mmol/m2) 
Strong acid sites  
(mmol/m2) 
M-SO3H 3.98 2.01 
B-SO3H 3.61 1.89 
Notes: RSD < 3% 
 
5.5.3 Evaluation of process parameters: effect of temperature 
A number of preliminary experiments were conducted on neat carbohydrate solution and solid 
acid catalysts, and the results of these are presented in Table 5.3 (yields calculated as moles of 
carbohydrate monomer hydrolysed to respective furanic throughout this report unless otherwise 
stated). 
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Table 5.3  Hydrolysis results of aqueous carbohydrate solution solid catalyst 
Catalyst 
Temp  
(°C) 
HMF 
yield  
(%) 
Sucrose 
remaining 
(%) 
Glucose 
remaining 
(%) 
Fructose 
remaining 
(%) 
Total saccharides 
remaining  
(%) 
B-SO3H 110 < LOQ n/a n/a n/a n/a 
B-SO3H 130 < LOQ 0 88.2 85.9 87.1 
B-SO3H 150 7.57 0 94.2 78.4 86.4 
M-SO3H 110 < LOQ n/a n/a n/a n/a 
M-SO3H 130 < LOQ n/a n/a n/a n/a 
M-SO3H 150 11.16 0 98.03 73.63 85.97 
Nb2O5 110 < LOQ n/a n/a n/a n/a 
Nb2O5 130 3.92 0 99.1 85.3 92.3 
Nb2O5 150 13.9 0 85.3 65.1 82.0 
WO3-ZrO2 110 < LOQ n/a n/a n/a n/a 
WO3-ZrO2 130 3.37 0 100 69.9 92.2 
n/a* 150 18.4 n/a n/a n/a n/a 
LOQ = limit of quantitation 
Notes: Sugar solution, 25 mL of 67 g/L; catalyst, 300 mg; time, 30 min (*4 h); microwave (MW) 
power, 300 W; HMF, RSD < 10%; individual sugars, RSD < 4%; total sugars, < 8%, yields calculated 
as moles of carbohydrate monomer hydrolysed to respective furanic 
 
 To determine a suitable temperature for the hydrolysis of the carbohydrate solution by 
the solid acid catalysts under selected conditions, trials were carried out at temperatures ranging 
from 110–150 °C. The examination began with 110 °C, as it has been reported that the reaction 
progresses under microwave heating at this temperature [34, 37, 480]. After 30 min under 
microwave heating at 110 °C, little to no HMF was produced with any solid catalysts. At 130 °C, 
both of the inorganic catalysts, Nb2O5 and WO3-ZrO2, gave detectable HMF formation. The 
sulfonated catalysts only produced HMF at 150 °C. This is within the known safe operating 
parameters of the equipment; HMF selectivity has been reported to peak between 130 and 155 °C 
[36, 37, 480]. 
Sucrose was completely hydrolysed to its constituent monomers at 130 and 150 °C. This 
suggests that the hydrolysis of sucrose readily occurred at 130 °C under these conditions 
(Table 5.3). The hydrolysis of sucrose to fructose and glucose is relatively thermodynamically 
neutral (-5 kcal/mol enthalpy change on ion-exchange resin [481]) and is known to occur readily 
in the presence of acid. The enthalpy change of the hydrolysis of monosaccharides to HMF has 
been consistently reported to be higher than that sucrose hydrolysis at 24 kcal/mol [233, 451, 
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482]. The higher activation energy for HMF production was reached by 130 °C for the inorganic 
catalysts tested, and 150 °C for the biomass-derived catalysts. 
The reaction at 130 °C using B-SO3H showed glucose and fructose are consumed in 
similar proportions, whereas little or no HMF is produced. Lower specificity was observed at 
130 °C, compared with 150 °C. The production of non-HMF products is possibly encouraged by 
the slower heating rate, causing HMF to decompose to organic acid or humins [388], or by 
saccharides undergoing a “caramelisation” reaction (e.g., enolisation, isomerisation, anhydride 
formation and polymerisation) [483]. Solids from these reactions were further analysed and the 
results are presented in Section 6.5.8 of this report; observations reported in this section indicate 
humic substances are formed. 
At 150 °C, HMF is produced in appreciable quantities and with increasing specificity. 
During hydrolysis at 150 °C, fructose seems to be preferentially consumed. It is likely that 
fructose/glucose isomerisation is confounding results. The preferential hydrolysis of fructose may 
be due to its lower activation energy, which is the result of higher proportions of furanose 
conformation compared to glucose [234]. The isomerisation of glucose to fructose before 
hydrolysis would likely lead to greater yield and specificity. 
Higher temperatures, and hence reaction rates, have been known to obscure reaction rate 
data for the hydrolysis of glucose to furanics and levulinic acid (LA) [455]. Data for the 
hydrolysis of carbohydrates are complicated by competing reactions; namely, the desired 
reactions (with similar activation energies) such as the hydrolysis of sucrose to glucose and 
fructose (109.2 kJ/mol [484]) or fructose to HMF (approximately 100 kJ/mol [451, 482]), as well 
as the isomerisation of glucose to fructose (approximately 60 kJ/mol [485]) or the somewhat less 
desired hydrolysis of glucose to HMF (approximately 100 kJ/mol [233]). These reactions are 
very close in activation energy to the undesired degradation reactions of LAs and humin 
formation (both approximately 111 kJ/mol [486]). This is consistent with the suggestion that, at 
higher temperatures, glucose decomposition begins to outpace HMF formation [455], leading to 
decreased specificity. The production of humins has been reported to increase at higher 
temperatures for sucrose, glucose and fructose [456]. HMF-to-LA degradation is also more 
effective at high temperatures [487]. It has been observed that lower yields of HMF can result 
from harsher reaction conditions, such as higher temperatures [455]. 
Results from hydrolysis trials reported in Table 5.3 are, in some cases, within the same 
range as those reported in the literature for sulfonated cellulose and sulfonated lignin (Table 5.4) 
but far lower for sulfonated biomass and Nb2O5. The differences in results could be due to many 
factors, including carbohydrate composition, catalyst dosage, reaction time and water content; 
however, as Table 5.4 shows, Nb2O5 gave very high HMF yields (approximately 35%) at a 
temperature of 155 oC and a maximum microwave power of 250 W. As a result of this finding, 
NB2O5 was studied over a broader time frame at 130 and 150 °C. 
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Table 5.4  Hydrolysis of aqueous carbohydrate solution solid catalyst literature 
Catalyst 
Temp 
(°C) 
HMF yield 
(%) Catalyst Carbohydrate Time 
H2O 
(g) Ref 
Sulfonated 
Biomass 
130 
(MW) 
20–40 1 g Fructose 4 g 1 h 20 [37] 
Sulfonated 
Cellulose 
160 2.5 10 mg Glucose 40 mg 15 min 1 [373] 
Sulfonated 
Lignin 
100 2.3 50 mg Fructose 100 mg 1 h 1 [480] 
Nb2O5 155 
(MW) 
~ 35 20 mg Fructose 1 g 3 min 9 [36] 
Nb2O5 100 ~ 30 0.7 g Fructose 1 g 30 min 17 [466] 
WO3-ZrO2 130 8–12 80 mg Fructose 0.6 g 4 h 60 [34] 
 
The recommendation for the “stringent evaluation of future potential catalysts for HMF 
formation in aqueous media against the blank reaction” [456] led to an examination of the ability 
of the carbohydrate solutions to self-catalytically produce HMF under reaction conditions. 
Hydrolysis of the carbohydrates was carried out at 150 °C over 4 h without solid catalysts, as 
microwaves [452] (300 W) and heat [488] (150 °C) are known catalysts. Known degradation 
products such as, LA [489] and formic acid [490] can act as hydrolysis catalysts and further 
increase HMF production. HMF is also known to be produced from saccharide solutions in an 
autocatalytic fashion [456]. HMF was produced in yields of 18.4% with low specificity (26%) 
over the 4 h. Sucrose and fructose were completely hydrolysed over this time, as was fructose. 
 
5.5.4 Evaluation of process parameters: inorganic catalysts and time 
The results of the hydrolysis of the aqueous carbohydrate solution with the Nb2O5 catalyst are 
presented in Table 5.5. Results from these hydrolysis experiments are not dissimilar to results 
reported in the literature of 7.6–28% yield and 22–66% carbohydrate conversion at 2 h, with the 
majority of the HMF being produced early in that time frame (6–10% fructose in water, catalyst 
0.7–1.7 g, 100 °C) [35]. 
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Table 5.5  Hydrolysis of carbohydrate solution by niobic acid catalyst 
Temp  
(°C) 
Time  
(h) 
HMF yield  
(%) 
Sucrose 
remaining 
(%) 
Glucose 
remaining 
(%) 
Fructose 
remaining 
(%) 
Total saccharides 
remaining  
(%) 
130 0.5 3.92 0 99.1 85.3 92.3 
130 1 9.62 0 78.3 64.9 71.6 
130 2 15.1 0 77.8 63.0 70.0 
150 0.5 13.9 0 85.3 65.1 82.0 
150 1 24.3 0 77.5 62.3 69.8 
150 2 30.7 0 96.6 43.4 70.0 
150 4 34.1 0 91.6 13.9 53.0 
Notes: Sugar solution, 25 mL of 67 g/L; catalyst, 300 mg; 300 W; HMF RSD < 10%; individual 
sugars RSD < 4%; total sugars < 8%, % calculated as moles 
 
Monosaccharide hydrolysis to HMF (via microwave heating with a solid acid catalyst) is 
reported to plateau by 2 h [36, 37, 341, 451-454]. Although a similar plateau was obtained in the 
present study, a lower hydrolysis rate (yield over time) than that reported in the literature on 
microwave/solid acid hydrolysis [36, 37, 341, 451-454] was observed, and resembled that of 
niobic acid hydrolysis at a lower temperature under conventional heating [491]. This may suggest 
that after the initial heating period (> 5 min), the subsequently low wattage of microwave 
irradiation does not significantly affect the hydrolysis reaction under these conditions. 
HMF was detected in appreciable quantities at 130 °C, unlike the amorphous carbon 
catalysts. This suggests that niobic acid lowers the energy requirement of the target reaction more 
than the amorphous carbon catalyst, which may be due to the difference in Lewis and Brønsted 
acid site ratio. Lewis acids show greater catalytic actively for glucose-to-fructose isomerisation 
[492], and fructose is preferentially hydrolysed over glucose [234]. A marked increase in the 
reaction rate and selectivity was observed at 150 °C, when compared with the carbon-based 
catalysts. 
The increase in the apparent concentration of glucose during the second hour of heating 
suggests fructose-to-glucose isomerisation began to dominate over the monosaccharide (mainly 
fructose)-to-HMF reaction. The increased presence of the pyranose isomers (more prevalent in 
glucose solutions [209, 223]) combined with the fact that the pyranose conformation is more 
likely to participate in deleterious side reactions [234], suggests that at 150 °C longer time frames 
could result in lower specificity. A decrease in data resolution has been reported at harsher 
hydrolysis reaction conditions such as increased temperature [36, 37], possibly, in part, due to the 
more complex nature and/or larger range of degradation products [493]. A general increase in 
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specificity was observed over a 2 h time frame, possibly due to increased time at the reaction 
temperature.  
The inorganic catalysts (niobic acid and tungstated zirconia) were tested over a longer 
time frame, and results of the hydrolysis of an aqueous carbohydrate solution with niobic acid or 
tungstated zirconia catalyst are presented in Table 5.6. 
 
Table 5.6  Hydrolysis of aqueous carbohydrate solution by solid inorganic catalysts 
Catalyst 
Temp 
(°C) 
Time 
(h) 
HMF 
yield 
(%) 
Sucrose 
remaining 
(%) 
Glucose 
remaining 
(%) 
Fructose 
remaining 
(%) 
Total 
saccharides 
remaining 
(%) 
Nb2O5 130 0.5 3.92 0 99.1 85.3 92.3 
Nb2O5 150 4 34.1 0 91.6 13.9 53.0 
WO3-ZrO2 130 0.5 3.37 0 100 69.9 85.2 
WO3-ZrO2 150 4 23.7 0 84.6 17.2 51.2 
Notes: Sugar solution, 25 mL of 67 g/L; catalyst, 300 mg; microwave (MW) power, 300 W; HMF, 
RSD < 10%; individual sugars, RSD < 4%; total sugars, < 8%, % calculated as moles 
 
When considering the possible boost in yield and selectivity provided by microwave 
heating [37], the results from these hydrolysis experiments were not dissimilar to those reported 
in the literature of approximately 5 and 10% HMF yields, with approximately 70 and 55% 
carbohydrate conversion using niobic acid and tungstated zirconia, respectively (1% fructose in 
water, catalyst 5 wt%, 150 °C, 2 h) [490]. The high yield and specificity at 150 °C observed 
throughout this study is in agreement with the published literature [36, 37, 480] suggesting 
increased side reactions at 130 °C. Probable side reactions include the participation of HMF in 
polymerisation reactions with itself and with carbohydrates to form humic substances [405] and 
other polymers [406]. 
The majority of HMF production occurred within the first 2 h of heating, after which 
time the rate of HMF production decreased, as did specificity, suggesting an increased rate of 
HMF degradation with longer time frames. The lower HMF yield and specificity observed 
during these experiments aligns with that reported in the literature, where promising initial results 
[465] were followed by reports of rapid deactivation attributed to unwanted side reactions and the 
deposition of these on the catalyst surface [473]. It has been reported that under aqueous 
conditions at higher temperatures (< 100 °C), the yield significantly decreased [465] due to the 
formation of polymeric products [474]. 
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5.5.5 Evaluation of process parameters: organic catalyst and time 
Results of the hydrolysis of an aqueous carbohydrate solution with organic catalysts are 
presented in Table 5.7. 
 
Table 5.7  Hydrolysis of carbohydrate solution and sulfonated amorphous carbon 
catalysts 
Catalyst  
Time  
(h) 
HMF yield  
(%) 
Sucrose 
remaining 
(%) 
Glucose 
remaining 
(%) 
Fructose 
remaining 
(%) 
Total saccharides 
remaining  
(%) 
B-SO3H 0.5 7.57 0 94.2 78.5 86.4 
B-SO3H 1 14.8 0 102 68.0 85.2 
B-SO3H 2 26.9 0 105 46.2 75.9 
B-SO3H 3 36.9 0 105 34.4 71.5 
B-SO3H 4 39.1 0 101 16.7 59.2 
M-SO3H 0.5 11.2 0 98.0 73.6 86.0 
M-SO3H 1 22.0 0 103 85.8 81.8 
M-SO3H 2 33.9 0 109 32.0 70.6 
M-SO3H 3 34.2 0 93.4 25.1 59.6 
M-SO3H 4 30.9 0 93.7 8.0 51.3 
Notes: Sugar solution, 25 mL of 67 g/L; catalyst, 300 mg; microwave (MW) power, 300 W; HMF, 
RSD < 10%; individual sugars, RSD < 4%; total sugars, < 8%, % calculated as moles 
 
The hydrolysis of carbohydrates by solid acid catalysts was reported (in Section 5.5.4) to 
continue at a decreased in rate for 4 h, under the selected experimental conditions; as such, the 
compositional profile of the carbohydrate solution was monitored over this time frame. An initial 
increase in glucose concentration was observed with both catalysts. The glucose content with the 
M-SO3OH system decreased appreciably after 2 h. The overall change in the glucose 
concentration over the 4-h period was less significant than with the inorganic catalysts. This 
suggests that the inorganic catalysts are more effective at facilitating glucose-to-fructose 
isomerisation, probably due to a higher Lewis acid character, which is known to better facilitate 
this transformation [492].  
The more acidic catalyst (M-SO3H) reached maximum yield at 3 h, whereas the 
bagasse-derived catalyst (B-SO3H) reached maximum yield at 4 h. This drop in yield over longer 
time frames has been previously reported, both before [456] and after [36, 37] the conversion of 
available fructose. The decrease in yield is related to a drop in specificity, possibly due to the 
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production of organic acids via HMF hydrolysis [34, 456] or the direct production of humins 
[331, 491] from HMF by aldol addition and condensation reactions [434]. The decreased yield 
and specificity could also be due to the multitude of other degradation pathways [228].  
All hydrolysis reactions, and hence catalytic activity, exhibited a maximum rate in the 
initial time period (30 min). Humin production and deposition onto the catalyst surface are 
possible causes of reduced activity [465]. It is known that humin formation becomes more 
substantial at longer reaction times [35, 466], and such an increase would lead to the observed 
decreased reaction rate. Irreversible adsorption of furanics onto carbon [494] or the acidic 
catalytic sites leads to catalyst deactivation and increased humin formation [495], further 
lowering reaction rates. HMF degrades to organic acids, the concentration of which (as well as 
the resultant pH shift) affects the specificity and yield of the target reaction [490]. The 
accumulation of these organic acids may also contribute to the observed decreasing reaction rate. 
Maximum specificity was achieved the at time station previous to maximum yield, suggesting 
degradation/by-product accumulation was starting to outpace the target process of HMF 
production, which would probably result in a undesirable positive feedback loop and decreased 
yields. The increased presence of glucose (and therefore, probably, pyranose) isomers in solution 
over time suggests the isomerisation of fructose to glucose is slightly outpacing the hydrolysis 
(HMF-producing) reaction, further negatively affecting HMF production. These results are 
commensurate with those in the published literature for somewhat similar reactions; specifically, 
20% to approximately 40% HMF yield. In addition, these studies report the reaction profiles of 
bamboo, Jatropha hull- and lignin-derived carbonaceous catalysts (fructose 4 g, catalyst 1 g in 20 
mL of water, microwave heating, 150 °C, 1 h) [37], although observed results seem to be slower 
overall, less specific and lower yielding. 
 
5.6 CONCLUSIONS 
The low yield and specificity of the inorganic catalysts was likely due to the formation of 
unwanted solid by-products, primarily polymeric in nature, which would likely further contribute 
to the deactivation of the catalyst [35, 466]. The use of these types of catalysts in organic solvents 
[465] such as methanol [496] would probably dramatically increase performance. It is possible 
that the reaction to ethoxymethylfurfural or a derivative in the same (alcohol) class could 
circumvent the degradation issues. The application of this research to biomass will determine the 
direction of further process development. 
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6 Heterogeneous Hydrolysis of Molasses  
6.1 PREAMBLE 
Having established the feasibility of 5-hydroxymethylfurfural (HMF) production from a (neat) 
mixed carbohydrate solution using both inorganic and sulfonated amorphous carbon-based 
catalysts, the hydrolysis of sugar cane molasses to HMF was examined using these catalysts 
under a variety of conditions. The study examined the relative performance of the catalysts, as 
well as catalyst deactivation using attenuated total relectance-fourier transform infrared 
spectroscopy. The effect of removing impurities from the molasses using HCl, H2SO4 and 
formic acid prior to hydrolysis was evaluated. The catalytic activity of formic acid at a range of 
pH/acid concentrations for the target reaction was studied. The effect of combining homo- and 
heterogeneous catalysts, and of a co-solvent on HMF yield, were examined and the results are 
presented herein. 
 
6.2 INTRODUCTION 
The major chemical differences between neat carbohydrate solutions (see Chapter 5) and a 
molasses solution is the presence of additional inorganic matter (ash), reported to be 
approximately 175 to 187 g/kg (dry material) [203], and organic matter. Included in the inorganic 
matter of molasses are numerous species of cations (e.g., potassium, calcium, sodium and 
magnesium) and anions (e.g., chloride, sulfate, carbonate and phosphate) [186, 204, 205]. 
Additional organic material present in molasses include lipids/fats, proteins, oligo- and 
polysaccharides (including fibre), as well as amino acids, organic acids (e.g., ascorbic, retinoic 
and succinic acid) [186, 206, 207] and phenolics [208]. 
Pretreatment of biomass is one of the main bottlenecks in “green chemical production” 
[47], as it significantly influences costs [129]. The sugar industry has access to biomass of 
differing physicochemical properties (i.e., bagasse and molasses), which require different levels 
of pretreatment before processing to value-added products (e.g., ethanol production). The 
dominant feedstocks for industrial ethanol are either sugar cane juice or molasses [192]. 
Lignocellulosic ethanol production is still not cost-competitive due to the extent of pretreatment 
required [63]. 
Pretreatment of molasses is often required for biologically derived industrial processes to 
progress [221, 432] or to be economically favourable [497], and may also be used to optimise 
these processes [195]. The use of simple acids is reported to be fiscally economical over other 
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pretreatment processes for the production of succinic acid [497]. Sulfuric acid can be used for 
molasses [497] and lignocellulosic pretreatment [146], and is the traditional catalyst for furanic 
production [96, 268]. Hydrochloric acid can also be used for furanic production [498], as well as 
for the pretreatment of biomass, including molasses [221] and lignocellulosic material [499]. 
Furanic production by hydrochloric acid can proceed via the 5-chloromethylfurfural (CMF) 
intermediate [23], which is theoretically calculated to have lower energy requirements [258]. 
Formic acid can be used as a catalyst for furanic production [490], and is itself produced 
by hydrolysis of HMF, which also opens the possibility of in-house production. Formic acid is 
produced along with levulinic acid (LA) (a possible “green chemical”) by the hydrolysis of 
biomass [62]. Carboxylic acids also have an effect on the intermolecular interactions between 
carbohydrates and the solvent, improving solid catalyst surface interactions and improving 
partitioning of furanics from the catalytic surface to the solvent [500]. Lignocellulosic 
pretreatment is possible with formic acid [151, 152]. Formic acid is a fermentation inhibitor [501] 
due to its antimicrobial activity [502]; as such, it is incompatible with the biological nature of the 
majority of molasses value-addition procedures and literature on the use of formic acid in 
molasses purification is therefore wanting (in the opinion of the author). Formic acid is 
considered a “green chemical” [503], in contrast to mineral acids. 
ATR-FTIR is an effective tool in the characterisation of heterogeneous catalysts [504]. It 
allows for the examination of the solid materials with little sample preparation, and for 
comparisons to be made between fresh and spent catalysts. Spectrum subtraction should provide 
information on the deactivation of catalysts. 
Solvent and reaction pH is known to greatly affect the yield and specificity of the target 
reaction [456, 490]. The buffering capability of the reaction matrix and subsequent neutralisation 
of produced (catalytic) organic acids is reported to inhibit the target reaction at higher buffer 
concentrations [456]. The use of mineral and organic acids has been reported to have the greatest 
effect on HMF yield in the pH range of 1 to 3 and organic acid concentration in the range of 10–
50%, with a peak at 20% for formic acid [490], although the use of formic acid is complicated in 
a buffered solution [456]. As the molasses solution itself acts as a buffer [205], especially after 
pretreatment with formic acid, the buffer concentration is directly proportional to biomass 
loading. The addition of an organic solvent to hydrolysis reactions resulting in a biphasic system 
has been shown to improve furanic yield [23, 33]. Methyl isobutyl ketone (MIBK), a furanic 
derivative, has been used to improve furanic production [394, 452]. The miscible solvent 
tetrahydrofuran (THF) has been show to improve furanic yield in solid catalytic systems [386]. 
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6.3 MATERIALS  
HMF, D-(+)xylose, D-(+)glucose, D-(+)fructose and sucrose were of analytical grade, whereas 
NaOH, MIBK, THF and NaCl were reagent-grade (Sigma-Aldrich Castle Hill, NSW, Australia). 
Reagent-grade concentrated HCl (32 wt%), H2SO4 (98 wt%), phenolphthalein, CH3COOH (32 
wt%) and formic acid were obtained from Merck (Kilsyth, VIC Australia). Sugar cane molasses 
and bagasse were collected from Racecourse Sugar Mill (Mackay Sugar Limited) in Mackay, 
Australia. Commercial samples of WO3-ZrO2 (10 wt% of WO3) were purchased from MEL-
chemicals (Flemington, USA) via Université Lyon, IRCELYON, Institut de Recherches sur la 
Catalyse et l’Environnement (Lyon, France). Nb2O5-nH2O (NBO) was obtained from H.C. 
Starck (Goslar, Germany) via the Université Lyon, IRCELYON, Institut de Recherches sur la 
Catalyse et l’Envrionnement de Lyon. Sulfonated amrouphour carbon catatlysts were prepared at 
the Centro Interdipartimentale di Ricerca Industriale Energia-Ambiente, Università di Bologna 
(Ravenna, Italy). 
 
6.4 METHODS 
6.4.1 Molasses treatment 
Molasses was processed using a method based on that published by Liu et al. [497]. In the typical 
procedure, molasses was diluted with water to 30% (w/w) total sugar concentration. This solution 
was then adjusted to pH 3.5 with the selected acid (HCl, H2SO4 or formic acid) and heated to 60 
°C for 2 h. The solution was then allowed to cool, before being centrifuged, decanted and diluted 
to 67 g/L (unless otherwise specified) total sugars and stored at -4 °C. The solids were collected 
after decanting, washed with water and dried overnight, prior to XDR analysis. Sugar content of 
the resulting decanted solution was analysed as per Section 6.4.5. 
 
6.4.2 Microwave biomass hydrolysis 
Typically, a weighed amount of catalyst (approximately 300 mg) was reacted with 25 mL of a 67 
g/L (sugars) either treated or untreated molasses solution heated under 300 or 500 W microwave 
power to the specified temperature for the desired time. After hydrolysis, the solution was cooled, 
centrifuged to remove any solids, and diluted. See Section 5.4.2 for further details regarding the 
microwave hydrolysis method. 
 
6.4.3 Catalyst preparation and characterisation 
Inorganic catalysts were calcinated in air before storage and use. Acid and base site 
characterisations, as well as surface area measurements are reported in Section 5.4.2, as is the 
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preparation of both the inorganic and organic catalysts. The titrations of acid sites on the organic 
catalysts are also reported in Section 5.4.2. 
 
6.4.4 Biomass compositional analysis 
Acidic catalysts were prepared from sugar cane molasses or bagasse by pyrolysis, followed by 
sulfonation. Carbohydrates in molasses were also used as the raw material for HMF production. 
The composition of bagasse and molasses were determined by standard methods, based on those 
of the National Renewable Energy Laboratory (NREL) [407, 416, 417]. Inorganic content was 
determined by inductively coupled plasma-optical emission spectrometry (ICP-OES). See 
Section 4.4.5 for further details regarding biomass compositional analysis methods. 
 
6.4.5 High-performance liquid chromatography methods 
The high-performance liquid chromatography (HPLC) system used to detect and quantify HMF 
consisted of a Bio-Rad Aminex HPX-87H column and Waters refractive index detector. The 
HPLC system used to detect and quantify sugars made use of a Phenominex RPM 
monosaccharide column. See Section 4.4.17 for further details regarding the HPLC method used. 
 
6.4.6 Fourier transform infrared spectroscopy analysis 
ATR IR alues were collected using a Nicolet 870 Nexus FTIR system, including a Continuum IR 
microscope equipped with a liquid nitrogen-cooled MCT detector. Spectra were collected in the 
range of 4000 to 650 cm-1, using 128 scans and a 4 cm-1 resolution. See Section 4.4.9 for further 
details regarding ATR-FTIR methods. 
 
6.4.7 X-ray power diffraction 
X-ray power diffraction (XRD) was carried out at the X-Ray Analysis Facility at the Queensland 
University of Technology, Brisbane, Australia, using a diffraction camera (Rigaku) with an X-
ray generator with Cu Kα radiation of wavelength 1.5418 Å. 
 
6.5 RESULTS AND DISCUSSION 
6.5.1 Biomass compositional analysis 
The composition of molasses, which is used as a carbohydrate source and a raw material for 
catalyst construction, is reported in Section 4.5.8. The results – 47.7% total reducing sugars 
(11.2% glucose, 12.3% fructose and 24.2% sucrose), 26.0% water, and a concentration of 
inorganics – were expected, and within the range reported in the literature [203, 205]. The 
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composition of bagasse used as a raw material for catalyst construction is reported in Section 
4.5.1. The compositional result of 43.0% glucan, 17.4% xylan and 21.5% lignin for bagasse is 
concordant with that reported in previously published literature [421, 422], and conforms to cited 
limits [423]. 
 
6.5.2 Catalyst characterisation 
Detailed results for the characterisation of inorganic and organic catalysts can be found in Section 
5.5.2, including strong and total acid and base site measurements. 
 
6.5.3 Evaluation of process parameters: microwave power 
The practicality of the hydrolysis of molasses carbohydrates was examined by carrying out 
reactions for 30 min at 110, 130 and 150 °C (300 W) using selected catalysts; namely, WO3-
ZrO2, Nb2O5 M-SO3H and B-SO3H. The amount of HMF produced by these reactions was 
under quantifiable levels, in contrast to Chapter 5, where HMF production from the major 
saccharides found in molasses was reportedly catalysed at 130 °C by inorganic catalysts and at 
150 °C by sulfonated amorphous carbon-based catalysts. 
The inability to produce detectable levels of HMF using WO3-ZrO2, Nb2O5 M-SO3H 
and B-SO3H as catalysts may be due to a number of factors, including catalyst deactivation, 
HMF degradation (during reaction or sample storage), or inability of the (HMF-producing) 
hydrolysis to proceed. Due to the apparent infeasibly of the target reaction under these 
conditions, the reactions were re-examined using a higher maximum microwave power (500 W, 
increased from 300 W). The use of higher microwave power for more robust samples is 
commonly reported in the literature, including for the hydrolysis of biomass (lignocellulosic 
material) and neat carbohydrate (cellulose) [29, 316, 330]. The reasoning for this is cited as 
microwave power (300–500 W) encouraging biomass liquefaction [505, 506]; the activation of 
cellulose and the strengthening of particle collisions is also suggested as a possible explanation 
[338]. Microwave heating also affects chemical reaction pathways and accelerates reaction rates 
[29], including at least one target (HMF-producing) reaction [37]. The different components 
(including inorganics) found in biomass will affect microwave energy absorption [29]. The 
increased complexity of the reaction solution (when compared with the neat carbohydrate 
solution from Chapter 5) is likely to have a range of consequences for the target reaction, 
including altering the effects of temperature, heating rate and catalyst deactivation. 
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6.5.4 Evaluation of process parameters: reactant loading and temperature 
A more dilute biomass solution and higher catalyst loading (34 g/L, decreased from 67 g/L) was 
prepared to compensate for the effects of the possible deactivation of catalysts by the additional 
impurities found in molasses. Hydrolysis experiments were repeated at a lower biomass loading 
and a higher microwave power (500 W); the results of these experiments are presented in Table 
6.1 (percent calculated as moles of carbohydrate monomer hydrolysed to respective furanic 
throughout this report unless otherwise stated).  
 
Table 6.1  Hydrolysis of molasses solution solid catalysts 
Catalyst  
Temp  
(°C) HMF 
M-SO3H 110 > LOQ 
B-SO3H 110 > LOQ 
WO3-ZrO2 110 > LOD 
Nb2O5 110 > LOD 
M-SO3H 130 > 5% 
B-SO3H 130 > 5% 
WO3-ZrO2 130 > LOQ 
Nb2O5 130 > LOQ 
M-SO3H 150 > 5% 
B-SO3H 150 > 5% 
WO3-ZrO2 150 ~ 5% 
Nb2O5 150 ~ 5% 
n/a* 150 15.3% 
Notes: Sugar solution, 25 mL of 67 g/L; catalyst, 300 mg; microwave 
(MW) power, max 500 W ; time, 30 min (*4 h); HMF, RSD < 10%. 
LOD, limit of detection; LOQ, limit of quantitation, % calculated as 
moles 
 
None of the tested catalysts produced HMF in quantifiable yields at 110 °C under these 
reaction conditions (500 W and 34 g/L sugars). HMF was detectable in the product stream at 
110 °C using the sulfonated amorphous carbon catalysts (i.e., M-SO3H and B-SO3H) but not the 
inorganic catalysts (i.e., WO3-ZrO2 and Nb2O5). At 130 °C, the inorganic catalysts produced 
detectable (though not quantifiable) levels of HMF, and the carbon-based catalysts produced 
quantifiable levels of HMF (errors introduced by yield calculations produced unacceptable 
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variation). At 150 °C, the inorganic catalysts produced quantifiable levels of HMF but under the 
limit of yield quantitation, and amorphous carbon catalysts produced HMF at approximately 5% 
(RSD of approximately 30%) yield.  
The modest improvement in HMF production with a more dilute sample matrix and 
higher respective catalyst loading suggests catalyst deactivation may play a role in the reduced 
yields. The deactivation of catalytic sites (especially those most suited to, and active toward, the 
target reaction) has been attributed to deposition of insoluble humins or coke [465]. Adsorption 
of furanics onto carbon [494] or catalytic sites is also possible, and could lead to catalyst 
deactivation and increased humin formation [495]. 
The results of these experiments suggest that the conclusions drawn from the neat 
carbohydrate solution carry over, with respect to 150 °C and 500 W microwave power being 
appropriate conditions to carry out experimental hydrolysis reactions. The drastic reduction in 
yield, compared with the neat carbohydrate solution, suggests that the increased complexity of 
the carbohydrate source (therefore reaction matrix) significantly interferes with the target 
reaction, probably via mechanisms that include catalyst deactivation. These results suggest that 
the carbohydrates found in molasses could be hydrolysed to HMF under the proposed conditions, 
and that the tested organic catalyst could be more robust (with respect to increased sample matrix 
complexity) than the tested inorganic catalysts. 
Due to the recommendation of “stringent evaluation of future potential catalysts for 
HMF formation in aqueous media against the blank reaction” [456], the ability of molasses to 
self-catalytically produce HMF was examined. Heat [488] and microwaves [452] act as catalysts 
for HMF production from carbohydrates. It has been reported [456], and was demonstrated in the 
previous chapter, that under similar reaction conditions (with lower maximum microwave power) 
HMF is produced autocatalytically from saccharide solutions. Molasses is known to decrease in 
pH at higher temperatures and contains catalysts for the production of HMF (e.g., organic acids) 
[205]. As such, the potential for molasses carbohydrates to convert to HMF under hydrolysis 
conditions without added catalyst was examined. Under the examined conditions, HMF was 
obtained with a yield of 15.3% and specificity of 26.6%, which is comparable to results obtained 
using solid catalysts. The propensity for HMF formation in molasses (under the examined 
conditions) is remarkably close to that of the saccharide solution reported in Chapter 5, 
suggesting that shared factors (i.e., heat, microwaves and saccharide content) may be the 
dominant factors.  
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6.5.5 Evaluation of process parameters: inorganic catalysts and time 
With respect to the inorganic catalysts tested, Nb2O5 outperformed WO3-ZrO2 with respect to 
the hydrolysis of both neat carbohydrate and molasses solutions. The profile of HMF production 
using Nb2O5 was examined over time (see Table 6.2). 
 
Table 6.2  Hydrolysis results of aqueous molasses solution and inorganic catalysts 
Time  
(h) 
HMF yield 
(%) 
Sucrose 
remaining 
Glucose 
remaining  
(%) 
Fructose 
remaining  
(%) 
Total saccharides  
remaining  
(%) 
1 6.30 0 87.6 54.8 71.2 
2 12.5 0 76.2 31.6 53.9 
3 18.6 0 77.9 23.6 50.8 
4 19.9 0 67.4 16.5 41.8 
4* 14.5 0 62.1 13.8 38.0 
Notes: *WO3-ZrO2; Molasses solution, 25 mL of 67 g/L sugars; catalyst, 300 mg; microwave (MW) 
power max 500 W; 150 °C; HMF, RSD < 10%; individual sugars, RSD < 4%; total sugars < 8%, % 
calculated as moles 
   
Compared with the hydrolysis of carbohydrates in neat solutions (reported in Chapter 5, 
conducted at a lower microwave power), the hydrolysis of molasses carbohydrates produced 
lower yields (approximately 60%, comparatively) with less specificity, a greater drop in glucose 
concentration, and an altered profile over time.  
The increased specificity during the first 3 h could be attributed to the increased 
proportion of time spent at the reaction temperature but is probably the result of catalyst 
deactivation and HMF degradation. The stability of the catalyst and products could be influenced 
by the increased reaction matrix complexity inherent in molasses use. 
The profile of HMF production over time, using M-SO3H and B-SO3H and a molasses 
solution, are presented in Table 6.3. 
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Table 6.3  Hydrolysis of molasses solution and organic catalysts 
Catalyst  
Time  
(h) 
HMF yield  
(%) 
Sucrose 
remaining 
(%) 
Glucose 
remaining 
(%) 
Fructose 
remaining 
(%) 
Total 
saccharides 
remaining 
(%) 
B-SO3H 0.5 1.77 15.1 100 89.4 94.7 
B-SO3H 1 4.79 0 87.1 64.2 75.7 
B-SO3H 2 10.9 0 80.5 41.0 60.9 
B-SO3H 3 16.3 0 74.3 28.5 51.4 
M-SO3H 4 17.3 0 69.6 20.3 45.1 
M-SO3H 0.5 2.69 2.94 94.0 80.5 87.3 
M-SO3H 1 6.22 0 87.3 62.7 75.0 
M-SO3H 2 12.9 0 80.7 37.7 62.7 
M-SO3H 3 17.4 0 73.2 26.7 50.0 
M-SO3H 4 18.7 0 62.6 14.8 38.9 
Notes: Molasses solution, 25 mL of 67 g/L sugars; catalyst, 300 mg; microwave (MW) power max 
500 W 150 °C; HMF, RSD < 10%; individual sugars, RSD < 4%; total sugars < 8%, % calculated as 
moles 
 
The more acidic M-SO3H has a similar specificity but a slightly higher rate (yield over 
time) and yield, compared with B-SO3H. Both of the tested organic catalysts (i.e., M-SO3H and 
B-SO3H) have comparable specificities for HMF production from carbohydrates in molasses to 
Nb2O5. In contrast to the results from neat carbohydrate solution hydrolysis, the fastest rate of 
molasses hydrolysis with inorganic catalysts is not found at the first time station, but at 2 and 3 h 
for B-SO3H and M-SO3H, respectively. For the first time during this experimental work, sucrose 
was detected in the post-reaction solution, and at a higher level in the B-SO3H hydrolysis, 
suggesting an overall slowing of hydrolysis reaction rates. The slowing of the reaction is 
probably due to the deactivation of catalytic sites, although the more complex sample matrix is 
likely to contribute via other mechanisms, such as addition catalyst deactivation and pH 
differences. 
Molasses hydrolysis with both inorganic and organic catalysts was found to have more 
consistent (over time) specificity than the neat carbohydrate solutions. This is possibly due to a 
buffering effect provided by the molasses. Molasses is known to have buffering capacity [205], 
and it has been reported that a reaction matrix containing a low buffer concentration encourages 
the production of HMF by incompletely neutralising the organic acids produced and 
discouraging humin formation [456]. 
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6.5.6 Fourier transform infrared spectroscopy analysis of solids 
The markedly lower yields and specificities observed in HMF production from molasses (as 
opposed to neat carbohydrates) are probably contributed to catalyst deactivation and production 
of solid degradation products. Hydrolysis resulted in a mixture of solids comprised of spent 
catalysts and solid degradation products. Solid samples, including fresh/unreacted catalysts 
(Figure 6.1), and solids resulting from hydrolysis, with either neat carbohydrate solution or 
molasses solution, were analysed by ATR-FTIR. The spectra of unreacted catalysts were then 
subtracted from the spectra of solids resulting from hydrolysis. This allowed for the analysis of 
solid by-products, including those deposited on the catalysts; the results of this analysis are 
presented in Figures 6.2 and 6.3, and in Table 6.4. 
 
 
Figure 6.1 FTIR spectra of catalysts 
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Figure 6.2 FTIR spectra of catalysts after hydrolysis of neat carbohydrates (catalyst 
spectra subtracted) 
 
 
Figure 6.3 FTIR spectra of solids from hydrolysis of molasses (catalyst spectra 
subtracted) 
Heterogeneous Hydrolysis of Molasses  
 Page 121 
 
The spectra suggest fouling of the catalyst by a substance that spectroscopically 
resembles humic acid/substances – an expected and unwanted by/degradation product of the 
hydrolysis reaction [405, 434] – which results from the reaction of furanics with themselves 
and/or saccharides [507, 508]. 
 
Table 6.4  Peak attribution table of solid FTIR spectra 
Wave number (cm-1), 
intensity Group Assignment 
3250 (br) O-H O-H stretch 
2920 (m) CH2 & CH3 aliphatic CH anti/sym stretch 
2850 (m) CH2 & CH3 aliphatic CH anti/sym stretch 
1700 (s) C=O C=O stretch 
~ 1600 (m-s) benzene Ring stretch 
1515 (m) benzene Ring stretch 
1450 (m) benzene Ring stretch 
1315 (vw) OH COOH in salt Sym stretch 
1150 (vw) C-OH C-O stretch 
1110 (vw) C-OH tert C-O stretch 
1025 (w) C-OH sec. or tert 
777 (w) Benzene CH o-o-p deformation 
675 Ar-OH  
Source: Attribution made using [372, 405, 433-435] 
 
 The spectra of the spent catalysts from the hydrolysis of simple carbohydrate (molasses 
mimic) solutions were overall similar with some differences; specifically, a lessening of the two 
peaks at 2920 and 2850 cm-1 and a shift from 1605 to 1590 cm-1, perhaps due to a benzene ring 
(ring stretch) or β-diketones enol becoming increasingly prevalent in the more aromatic 
compound or the possible removal of the NH3 deformation (at 1605 cm-1) [509]. The appearance 
of additional peaks at approximately 2900 cm-1 suggests the presence of a more aliphatic humic 
acid, possibly due to the inclusions of non-carbohydrate substances found in molasses. The 
inclusion of non-carbohydrates in the humic substance would probably result in the observed 
lower yield with molasses solutions due to quicker humic acid/substance formation; hence, 
fouling of the catalyst. The faster humin formation would, in part, be owed the fact the non-
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carbohydrate substance found in molasses is also available to take part in humin formation. 
Additional components of the molasses reaction matrix include lipids/fats, proteins, oligo- and 
polysaccharides, as well as amino acids, organic acids (e.g., ascorbic, retinoic and succinic acid) 
[186, 206, 207] and phenolics [208]. The less-aromatic nature of the humins produced from 
molasses hydrolysis suggests the inclusion of lipids/fats or organic acids. The possible detection 
of nitrogen (N–H stretch at 3000 to 3600 cm-1, amine deformation at 1605 cm-1, and C-C-N 
bending at approximately 1200 cm-1) [509] adds weight to this hypothesis. The low levels of 
phenolics and the complexity of the matrix could mask any signal from these. The amino acids in 
molasses (e.g., asparagine, glutamine, glycine) [206] could participate in Maillard-like reactions 
with HMF [450] and lead to melanoidin polymers [449]. Melanoidin polymers contain nitrogen 
[448] and are related to humic substances [508]. Melanoidin polymers resulting from the 
inclusion of amino acids would contain a lower ratio of aromatic regions compared with those 
produced exclusively via the furan route [449, 508], and could contribute to the less-aromatic 
nature of the solids from molasses hydrolysis. The removal of solid by-product precursors by 
molasses purification is likely to decrease humic/melanoidin production and subsequent catalyst 
deactivation. 
 
6.5.7 Evaluation of process parameter: purification 
The results of hydrolysis carried out after purification with hydrochloric, sulfuric or formic acids 
are presented in Table 6.5. 
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Table 6.5  Hydrolysis of pretreated molasses by homo- and heterogeneous catalysts 
Solid 
Catalyst  
Pretreatment 
Acid 
HMF 
yield  
(%) 
Sucrose 
remaining 
(%) 
Glucose 
remaining 
(%) 
Fructose 
remaining 
(%) 
Total 
saccharides 
remaining 
(%) 
None Sulfuric 23.5 0 85.9 22.8 54.0 
B-SO3H Sulfuric 26.6 0 88.9 21.8 55.1 
M-SO3H Sulfuric 29.2 0 91.6 18.5 54.7 
Nb2O5 Sulfuric 27.8 0 87.0 15.8 51.1 
None HCl 30.5 0 49.1 52.9 51.0 
B-SO3H HCl 39.8 0 88.7 20.2 54.4 
M-SO3H HCl 35.6 0 78.2 18.2 48.2 
Nb2O5 HCl 31.8 0 83.3 19.9 51.6 
None Formic 31.4 0 78.5 20.4 49.4 
B-SO3H Formic 39.0 0 82.4 17.1 49.6 
M-SO3H Formic 34.6 0 71.5 13.0 42.2 
Nb2O5 Formic 30.1 0 77.0 15.0 53.0 
Notes: Molasses solution, 25 mL of 67 g/L sugars; catalyst, 300 mg; microwave (MW) power max 
500 W 150 °C; HMF, RSD < 10%; individual sugars, RSD < 4%; total sugars, < 8%, % calculated as 
moles 
 
Pretreatment of biomass is often required before upgrading reactions such as hydrolysis. 
Here, liquid acid pretreatment was selected, as it allows for tuning of pH, an important factor in 
reducing unwanted reactions (such as humic or melanoidin substance production) as well as 
controlling degradation. The method is also relatively simple. Three acids were surveyed for 
potential as purification reactants, as well as subsequent liquid catalyst for the hydrolysis 
reaction. Sulfuric acid was chosen as it has a long history of use for this type of hydrolysis 
reaction [96, 268] and for the pretreatment of biomass [146, 497]. Hydrochloric acid was chosen 
due to the possibility of intermediate CMF [23] further lowering energy requirements [258]. 
Formic acid was chosen for its green credentials [62] and the possibility of in-house production 
and use as a solvent for HMF production [490]. As these acids also facilitate carbohydrate 
hydrolysis to HMF, hydrolysis reactions without solid acids were conducted. 
Sulfuric acid gave the lowest yield and specificity, which was expected given its 
traditionally low yields and specificity for saccharide hydrolysis [268]. The traditionally low 
yield and specificity of sulfuric acid is likely contributed to by furanics degradation to organic 
acids [486] or other polymeric products [491]. Hydrochloric and formic acid gave comparable 
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results, with respect to both yield and specificity. Hydrochloric acid gave slightly better values, 
commensurate with those reported in the literature: hydrochloric acid yielded approximately 5 to 
40% HMF and a fructose conversion of 10 to 90% (aqueous solutions with a range of pH values, 
2 h traditional heating), whereas formic acid yielded approximately 50% HMF with total fructose 
conversion [490]. The difference in traditional versus microwave heating and acid concentration 
should be taken into account when considering the results of the studies presented in the 
published literature and the experimental values presented herein. The similarity and higher 
yields (compared with untreated molasses) suggest that the use of pretreated molasses is 
warranted. This conclusion is supported by the improvement in HMF yield (although lowered 
specificity) of the pretreated molasses, as compared with that of neat carbohydrate solutions 
reported in the previous chapter. 
The improvements of hydrochloric acid over sulfuric acid could be due to a chlorinated 
intermediate [23] lowering the energy requirement of the overall of the target process [258]. 
Formic acid is not only a known catalyst for the target reaction [490], carboxylic acids are also 
reported to facilitate solid acid hydrolysis of carbohydrates through improved surface coverage 
via altering solvent polarity [500]. Due to the good performance of formic acid, its green 
credentials [503], the possibility of its production from HMF (in conjunction with LA) [62], and 
its potential use as a pretreatment reagent, a catalyst and a solvent, it was selected for continued 
experimentation. 
XRD analysis, presented in Figure 6.4, of the remaining solids showed exceptionally 
similar results despite the acid (i.e., H2SO4, HCl or formic) used during purification. 
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Figure 6.4 XRD spectrum of solids remaining after purification 
 
All samples showed an abundant crystalline phase that resembled calcium oxalate 
(weddellite) and minor additional phases. Calcium is a key ion in the molasses samples; it has 
been observed as calcium oxalate in sugar manufacturing solutions [510], and has been reported 
to form in the pH range used during the developed purification method [511]. Additionally, 
formic acid decreases the solubility of calcium oxalate through additional solvent effects [511], 
increasing the likelihood of its formation. Other inorganic species present in molasses (i.e., Mg, 
K and S), in comparable or greater concentrations (to Ca), probably contribute to other minor 
phases. The minor phases are also probably added to by other minor organic components such as 
lipids, proteins, oligo- and polysaccharides, amino and organic acids. 
 
6.5.8 Evaluation of formic acid concentration 
The use of formic acid as a catalyst was examined. This was done by purification at a specified 
pH or concentration. This work provided information regarding the optimal operating conditions 
for hydrolysis, which is presented in Table 6.5. 
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Table 6.6  Hydrolysis of pretreated molasses by formic acid 
Purification 
Reaction 
pH 
HMF 
yield  
(%) 
Sucrose 
remaining 
(%) 
Glucose 
remaining 
(%) 
Fructose 
remaining 
(%) 
Total saccharides 
remaining  
(%) 
pH 3.5 3.41 28.9 0 78.5 20.4 49.4 
pH 3.0 3.38 32.9 0 89.1 3.15 45.6 
pH 2.5 2.99 32.8 0 87.1 6.44 46.5 
pH 2.0 2.66 29.3 0 90.3 13.8 51.8 
pH 1.5 2.36 38.4 0 78.9 10.9 44.5 
15% 2.15 42.3 0 77.6 0.53 38.2 
20% 1.93 38.9 0 78.3 0 37.9 
25% 1.77 38.1 0 81.9 0 39.6 
Notes: Molasses solution, 25 mL of 67 g/L sugars; catalyst, 300 mg; microwave (MW) power max 
500 W; 150 °C; HMF, RSD < 10%; individual sugars, RSD < 4%; total sugars, < 8%, % calculated as 
moles 
 
Maximum yield and specificity were observed at the reaction pH of 2.15. The addition of 
large volumes of formic acid was required to lower the purification pH of the molasses solution 
to < 2.0 (reaction pH 2.66), probably due to buffering effects of the sample matrix. The trend of 
increasing HMF yield and specificity with increased formic acid concentration (reaction pH 2.66 
to 2.15) could be strongly contributed to by the solvent effect of formic acid. The solvent effect 
of formic acid has been reported to be strongest in this range [490]. Yield and specificity show a 
lesser maximum at a reaction pH of 3.38. The results presented in Table 6.6 are commensurate 
with those reported in the literature for neat solutions with traditional heating [490]. The target 
reaction has been reported to peak at a pH of between 2.3 [406] and 1.5 when a mineral acid is 
used, and between 10 and 50% volume when organic acids are used (20% for formic under 2 h of 
traditional heating) [490] in neat carbohydrate solutions. These results align with the observed 
maximum yield at 15% formic acid and maximum specificity at the initial reaction pH of 
approximately 2.4.  
 
6.5.9 Interactions of homo- and heterogeneous catalysts 
The effect of a higher acid concentration on the hydrolysis of inorganic and organic catalysts was 
examined. Molasses was purified at pH 3.5, and then further adjusted to pH 1.5 after centrifuge, 
decanting and cooling. This solution was then diluted and reacted with a solid acid catalyst. The 
results are presented in Table 6.7.  
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Table 6.7  Hydrolysis of pretreated molasses solutions by homo- and heterogeneous 
catalysts 
Solid 
catalyst  
HMF 
yield  
(%) 
Glucose 
remaining  
(%) 
Fructose 
remaining  
(%) 
Total saccharides 
remaining  
(%) 
N/A 38.4 78.9 10.9 44.5 
M-SO3H 41.8 79.8 1.1 39.7 
Nb2O5 38.0 79.6 1.1 39.7 
Notes: Molasses solution, 25 mL of 67 g/L sugars; time, 4 h; catalyst, 300 mg; microwave (MW) 
power max 500 W; 150 °C; HMF, RSD < 10%; individual sugars, RSD < 4%; total sugars, < 8%, % 
calculated as moles 
 
No improvement was seen with the addition of inorganic solid acid catalysts, and little 
improvement with the addition of the organic catalyst; this result is commensurate with reports 
that although the addition of liquid carbocyclic acids facilitates glucose hydrolysis via 
isomerisation, only a small increase in yield is observed [490]. Although a slight improvement 
was seen following the use of a molasses-derived catalyst, these results suggest liquid catalysts 
dominate under these conditions. 
 
6.5.10 Evaluation of process parameters: solid catalyst loading 
The dominance of liquid catalysts (seen in the previous section) is not desired due to processing 
consideration [314]. As such, the effect of higher catalyst loading with a lower formic acid 
concentration was investigated, and the results are presented in Table 6.8. 
 
Table 6.8  Hydrolysis of pretreated molasses solutions at higher solid catalyst loadings 
M-SO3H 
(mg) 
HMF yield  
(%) 
Sucrose 
remaining 
 
Glucose 
remaining  
(%) 
Fructose 
remaining  
(%) 
Total saccharides 
remaining  
(%) 
N/A 28.9 0 78.5 20.4 49.4 
300 34.6 0 71.5 13.0 42.2 
900 29.7 0 77.2 13.1 45.1 
1800 19.2 0 77.0 8.13 42.5 
Notes: Molasses solution 25 mL of 67 g/L sugars; time, 4 h; M-SO3H catalyst; microwave (MW) 
power max 500 W; 150 °C; HMF, RSD < 10%; individual sugars, RSD < 4%; total sugars, < 8%; 
molasses purified at pH 3.5 (formic acid), % calculated as moles 
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These results suggest that a slight increase in yield is possible under these conditions, 
and predict the optimal solid acid loading to be 320 mg, with additional solid catalyst negatively 
affecting the target reaction. Increasing solid catalyst loading (by up to 20-fold) has been reported 
to result in little additional yield of HMF (< 10%) [512] or even plateau with additional solid 
catalyst loading [513]. The observed decrease could be due to furanics binding onto carbon [494] 
or catalytic sites [495], especially those most suited to catalysing the target reaction [465]. This 
could contribute to the production of by-products such as humic/melanoidin substances. The use 
of sulfonated organic catalysts at higher loadings has been reported to lead to increased LA 
production [514]. The improvements following the coupling of liquid and solid acids were lower 
than expected; as such, solvent effects were investigated after increasing the reaction 
temperature. It was thought that an increase in reaction temperature may increase yield but may 
also result in less substantial data over time. 
 
6.5.11 Evaluation of process parameters: increased temperature 
The reaction temperature was increased from 150 to 170 °C, and the results of this change are 
presented in Table 6.9. 
 
Table 6.9  Hydrolysis of pretreated molasses solutions at 170 °C by M-SO3H 
Time  
(h) 
HMF yield 
(%) 
Sucrose 
remaining 
Glucose 
remaining  
(%) 
Fructose 
remaining  
(%) 
Total saccharides 
remaining 
(%) 
1 40.8 0 86.0 16.5 51.2 
2 36.7 0 52.6 5.54 29.0 
3 36.2 0 40.1 3.17 21.6 
4 35.5 0 30.6 1.83 16.2 
Notes: Molasses solution, 25 mL of 67 g/L sugars; time: 4 h; M-SO3H catalyst, 320 mg; microwave (MW) 
power max 500 W; 150 °C; HMF, RSD < 10%; individual sugars, RSD < 4%; total sugars, < 8%; molasses 
purified at pH 3.5 (formic acid), % calculated as moles 
 
A slight decrease in overall yield, as compared with the results at 150 °C, was observed 
but was within experimental error. The highest yield (41%) and specificity (84%) were observed 
with 1 h heating, which brings the observed results closer to the values for microwave heating 
with a sulfonated biomass-derived solid acid catalysts reported in the literature; specifically, 
15 min [373] to 1 h [480] in smaller solvent volumes (1 g water) and 1 h [37] in larger volumes 
(20 mL of water). At analogous saccharide and catalyst loadings, the higher HMF yield 
(observed experimentally and reported in the literature) using solvent volumes of approximately 
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40% [37] comparable with that obtained using volumes of solvent of approximately 2% [373, 
480]. 
The drop in yield and specificity over time could be due to the hydrolysis of glucose to 
non-target compounds after fructose is consumed. This would align with the literature stating that 
the total conversion of saccharides is detrimental to HMF yield [515]. These results suggest the 
lack of a glucose isomerisation step and inefficient glucose hydrolysis results in production of 
non-target compounds. Another possibility is that glucose is hydrolysed to HMF but is outpaced 
by HMF degradation to unwanted products (e.g., organic acid [456], soluble polymers [406] and 
humic substances [405, 491]). An increase in yield would be possible if glucose isomerisation or 
hydrolysis was improved and/or if HMF degradation was prevented. Glucose isomerisation and 
HMF degradation are influenced by solvent. 
 
6.5.12 Evaluation of process parameter: solvent systems 
The miscible, furanic-derived solvent THF has been reported to increase yield of furanics during 
hydrolysis [386], as has MIBK, an immiscible furanic derivative [394, 452]. As such, the 
addition of these solvents was examined, and the results are reported in Table 6.10. 
 
Table 6.10  Hydrolysis of pretreated molasses solutions by M-SO3H with addition 
solvents 
Solvents 
Time 
(h) 
HMF yield  
(%) 
Sucrose 
remaining 
Glucose 
remaining 
(%) 
Fructose 
remaining  
(%) 
Total saccharides 
remaining  
(%) 
THF:water 1 30.8 0 ND ND ND 
THF:water 2 46.9 0 ND ND ND 
MIBK:water 1 23.0 0 68.8 0 39.3 
MIBK:water 2 37.7 0 55.7 0 27.9 
ND = not detected 
Notes: THF, 12.5 mL; MIBK, 12.5 mL; molasses solution, 12.5 mL of 134 g/L sugars; catalyst, 320 
mg; microwave (MW) power max 500 W; 170 °C; HMF, RSD < 10%; individual sugars, RSD < 4%; 
total sugars, < 8%, % calculated as moles 
 
 A slight improvement in yield was observed in the THF system. Saccharides were not 
detectable after use of THF in the reaction solvent mixture, possibly due to their degradation or 
analytical technique failure. The yield increased over time, which was in contrast to the results 
obtained from aqueous hydrolysis under comparable conditions (Section 6.5.12). This suggests a 
slowing of the reaction rate or a reduction of HMF degradation rate. The use of these organic 
solvents is reported to improve furanic yield by, among other mechanisms, the avoidance of side 
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reactions [281, 386]. The common factor of decreased aqueous volume could play a role in the 
lower yields observed. 
The complex matrix of the pretreated molasses acts as a pH buffer. Molasses is reported 
to be a buffer [205], and the buffering capacity of the reaction solution was observed 
experimentally. Lower buffer concentrations were recently reported to result in increased HMF 
yield [456]. Lowering buffer concentration necessitates lower biomass loading, so the loading of 
previous experiments was halved, and the results are presented in Table 6.11.  
Table 6.11  Hydrolysis of diluted pretreated molasses solutions by M-SO3H 
Time  
(h) 
HMF yield  
(%) 
Sucrose 
remaining 
Glucose 
remaining  
(%) 
Fructose 
remaining  
(%) 
Total saccharides 
remaining  
(%) 
0.5 19.0 0 80.9 46.7 64.0 
1 28.8 0 72.7 27.5 50.3 
2 60.3 0 66.4 7.66 37.3 
3 64.5 0 37.5 2.90 20.4 
Notes: Molasses solution, 25 mL of 33.5 g/L sugars; catalyst, 320 mg; microwave (MW) power max 
500 W; 170 °C; HMF, RSD < 10%; individual sugars, RSD < 4%; total sugars < 8%, % calculated as 
moles 
 
The dramatically increased yield upon feed loading being halved suggests glucose may 
be hydrolysed or isomerised during the procedure. Lowering buffer concentration by comparable 
amounts (0.5 to 0.2 M and 1 to 0.1 M) has been reported to increase HMF yield and selectivity 
by more than fivefold [456]. It was theorised this was possible due to the maintenance of more 
ideal pH conditions by partial neutralisation of acid by-products; thus, the production of 
unwanted humins was reduced. The experimental results suggest glucose isomerisation plays a 
role. 
 
6.6 CONCLUSIONS 
The results indicated the hydrolysis of molasses occurs at a slower rate than neat carbohydrate 
solution (presented in the previous chapter), even with the use of a higher microwave power. 
Molasses was found to have a similar propensity for the self-catalytic production of HMF at 
500 W, compared with neat carbohydrate solutions at 300 W. Analysis of solid by-products 
showed a change in their nature; specifically, to be more aliphatic and to contain more 
melanoidin, probably due to the inclusion of additional non-furanics and non-sugars. The 
addition of an acid-based purification step significantly improved HMF production. Formic acid 
was selected as a pretreatment reagent due to its good performance, green credentials, and the 
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possibility of production during subsequent HMF derivatisation (i.e., LA production). The yield 
of HMF was highest at a concentration of approximately 15% formic acid; subsequently, large 
amounts of formic acid were replaced by milligrams of solid catalyst and resulted in comparable 
yields and specificity. After coupling with the pretreatment method, M-SO3H was found to be 
the most active of the catalysts tested for HMF production, and the optimal loading was 
determined. A temperature increase to 170 °C (from 150 °C) was found to give a comparable 
result in a much shorter time frame. The addition of organic solvents was tested and THF resulted 
in some improvement in yield; the aqueous dilution of the reaction matrix resulted in a significant 
improvement in yield and specificity but a marked drop in rate. 
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7 Conclusions and Future Work 
7.1 INTRODUCTION 
As an unavoidable ramification of current manufacturing practices, the Australian sugar industry 
has access to millions of tonnes of available biomass in the form of fibrous lignocellulosic 
bagasse and viscous carbohydrate-rich molasses. The purpose of the present study was to 
examine the production of “green” platform chemicals from these by-products of sugar 
manufacturing via catalytic processes. The production of useful sustainable chemicals, such as 
furanics, from biomass has the potential to increase the revenue of agricultural industries and 
reduce the dependence on declining fossil fuels. 
The practicality of applying current biomass upgrading technology (e.g., furanic 
production and catalyst manufacture) to molasses and bagasse is reported herein. Subsequently, 
an in-depth analysis of a recently developed biphasic (carbohydrate to furanic) hydrolysis system 
is applied and tailored to these biomasses. This is followed by the development of a less robust 
but more refined aqueous heterogeneous hydrolysis method, designed for initial use with 
molasses, with potential for extension to bagasse. Carbohydrate hydrolysis using different 
heterogeneous catalysts (including recently established molasses- and bagasse-derived catalysts) 
is scrutinised. Reaction conditions, the effect of pretreatment, and the effects particular to 
selected biomasses were experimentally examined for these two hydrolysis systems. 
 
7.2 SUMMARY AND CONCLUSIONS 
7.2.1 Literature review 
A critical review of current technology and literature concerning biorefineries was presented in 
Chapter 2, and concluded that to improve the techno-economical practicability of biorefining 
processes, each process should be designed for the particular feedstock (i.e., biomass) and setting 
of concern [55]. The major components of bagasse and molasses (i.e., carbohydrates) are 
amenable to catalytic thermochemical upgrading to furanics, a class of promising alternatives of 
biochemicals [23]. The review of published literature included the topics of hetero- and 
homogeneous catalysts used to produce reducing sugars: a vital step in the production of furanics 
from biomass. Finally, the current state of catalytic production of furanics from carbohydrates 
was reviewed, including an investigation of solvents: a crucial factor in thermochemical method 
development after catalyst selection. A detailed analysis of a promising furanic (bi-phasic) 
production method (yet to be applied to bagasse and molasses) was undertaken, and a “green” 
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furanic (aqueous heterogeneous) production method for sugar manufacturing by-products was 
selected for experimental examination. 
 
7.2.2 Monosaccharide hydrolysis biphasic hydrolysis 
In Chapter 3, the production of furanics from monosaccharides (i.e., glucose and xylose), and 
mixtures thereof, via a promising and robust (but environmentally and practically problematic) 
biphasic homogeneous catalytic system developed by Mascal and Nikitin [23], was examined. 
The use of model monomeric sugars (i.e., glucose or xylose) is highly informative during 
biorefining method development, before extension of the system to more robust polymeric 
carbohydrates (e.g., cellulose) or biomass. The interaction of parallel reactions in addition to 
other information provided by this process is regrettably and frequently left largely unexamined 
during the development of biomass value-addition processes; hence, the consequences of the 
concurrent hydrolysis of glucose and xylose were examined and the results were presented in 
Chapter 3. The use of model sugars also allowed for the development of practical hydrolysis 
systems and peripheral (e.g., analytical, purification and quantitation) techniques.  
The yield of furanics from glucose using this system was similar to that reported in the 
literature, after extensive technique refinement. The yield of furfural from the hydrolysis of 
xylose was well below that reported in the literature, possibly due to reactor design or an issue 
with hydrolysis, purification and/or analytical techniques. Multiple quantitation methods were 
employed: high-performance liquid chromatography was found to be unsuitable for 5-
chloromethylfurfural (CMF) quantitation due to the difficulties with standard quality and storage; 
gravimetric techniques, on the other hand, gave good correlation with ultraviolet-visible (UV-
Vis) quantitation (after derivatisation of CMF). The derivatisation (necessary for UV-Vis 
quantitation) of CMF resulted in an undesirable lack of analytical resolution between 5-
hydroxymethylfurfural (HMF) and CMF. Ultimately, this lack of resolution combined with the 
complexity of the product stream led to a breakdown of the UV-Vis method when applied to the 
biomass-derived furanic bio-oil. 
The simultaneous production of furfural and CMF from xylose and glucose, 
respectively, lowered the yield of both, suggesting the increased occurrence of unwanted side 
reactions, such as humic substance or organic acid production. The rate of hydrolysis was 
dependent upon reactant composition, with a slower rate observed at higher xylose 
concentrations. Information derived during these studies informed the extension of this method to 
biomass, the results of which were subsequently presented in Chapter 4. 
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7.2.3 Biomass hydrolysis biphasic hydrolysis 
In Chapter 4, the production and recovery of CMF from sugar cane bagasse, bagasse pulps and 
molasses using a homogeneous catalytic biphasic system were examined. The effects of particle 
size, biomass loading and reaction temperature were studied, as were the consequences of 
bagasse pretreatment. The optimum operating conditions for the formation of bio-oil from 
bagasse using this system were determined. 
Some pretreatment methods improved the yield of furanics from bagasse, with acid 
treatment showing the most significant improvement. The increased yield from bagasse 
pretreatment was probably not significant enough to justify its use prior to hydrolysis in this 
system. The employment of certain pretreatment methods actually reduced CMF yield. 
Pretreatment methods could be justified in the larger biorefining context to extract lignin or 
hemicellulose before upgrading these components. Pretreatment techniques resulting in lignin re-
distribution appeared to increase CMF production. Lignin is highly condensed to humic-like 
substances during strong acid hydrolysis, whereas hemicellulose is at least partially hydrolysed. 
The removal of hemicellulose and lignin during pretreatment results in fewer impurities in the 
product stream; thus, could be used to simplify the purification process, increase yield and 
improve the overall economics of CMF production. 
In Chapter 4, the stabilities of CMF, crude and purified bio-oils were also examined. 
CMF and bio-oils were stable in chlorinated solvents at > 10 °C, but degraded when stored neat 
or exposed to moisture at higher temperatures. 
 
7.2.4 Heterogeneous hydrolysis of carbohydrates 
In Chapter 5, the hydrolysis of simple sugars to HMF using heterogeneous catalysts was 
examined. The application of bagasse- and molasses-derived solid acid catalysts to the hydrolysis 
of saccharides was reported for the first time. A neat mixture of the major carbohydrates present 
in molasses was hydrolysed using two organic catalysts and two inorganic catalysts, and the 
results were reported in Chapter 5. The high activity of the inorganic catalysts was offset by their 
tendency for deactivation, probably due to the formation of unwanted by-products and their 
deposition on active sites. The hydrolysis of neat carbohydrate solutions allowed for the 
examination of two often-overlooked steps in the development of biorefining methods; namely, 
the interaction of parallel reactions and the propensity of the mixtures for self-catalytic 
production of HMF under reaction conditions. 
 
7.2.5 Heterogeneous hydrolysis of molasses 
In Chapter 6, the use of solid acid catalysts for furanic production was extended from neat 
carbohydrate solutions to molasses. The application of a higher microwave power was found to 
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result in a similar yield of HMF to that produced without the use of any additional chemical 
catalysts. Molasses purification using sulfuric, hydrochloric and formic acid, and the subsequent 
effect on hydrolysis, was examined. The application of formic acid in this procedure was 
reported for the first time, and was found to have comparable benefits to mineral acids. 
The development of the purification method was informed by the analysis of solid 
catalysts, as well as solid by-products from hydrolysis. This analysis suggested that catalytic 
deactivation and production of unwanted solids resulted from and by melanoidin-like compounds 
with aliphatic regions. Comparison of solids (i.e., spent catalyst and by-products) from the 
hydrolysis of neat carbohydrate solutions (Chapter 5) suggested that additional non-furanic, non-
sugar organics (originating from molasses) significantly interfered with the target reaction. The 
removal of inorganics (including calcium oxalate) during purification could also play a role in 
improved catalytic performance. 
By coupling the developed purification and hydrolysis methods, significant increases in 
yield were obtained and large amounts of formic acid could be replaced by milligrams of solid 
catalyst. Optimal loading was determined for the selected solid molasses-derived catalyst and the 
target reaction rates were significantly amplified by an increase in temperature. The addition of 
organic solvents was tested, as was a more dilute reaction solution (which showed remarkable 
yield increases), and the findings of these experiments concluded the experimental section of 
Chapter 6.  
 
7.2.6 Summary 
The predominant objective of the research was the investigation of catalytic processes for the 
efficient and effective production of furanics from carbohydrate contained within sugar 
manufacturing by-products (i.e., bagasse and molasses). To achieve the objective, a biphasic 
homogeneous process, which had not been previously used, was applied to these by-products, 
and an aqueous homogeneous hydrolysis method was developed. Prior to the application of these 
methods to biomass, the target reactions were investigated using model carbohydrates in neat 
solutions. 
The biphasic system proved to be robust, applicable to the selected biomasses and to 
give good CMF yields from the cellulose in bagasse and sugars in molasses. Previously neglected 
topics in this area were addressed, including an in-depth study of the (target and unintended) 
products of this system and the consequences of pretreatment. The application of the biphasic 
process was found to be feasible, but practical industrial employment could be considered 
problematic due to the use of concentrated strong mineral acids and chlorinated solvents. The 
development of a more elegant sugar by-product hydrolysis method was motivated by 
circumvention of these issues. 
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The development of an aqueous hydrolysis method using solid catalysts drove the 
investigation of inorganic and biomass (bagasse and molasses)-derived catalysts and their 
application to the target process. Bagasse- and molasses-derived catalysts had not been applied to 
the production of furanics before this investigation. During the development of this hydrolysis 
method, biomass pretreatment was found to practically be required under the current 
circumstances. Hence, a formic acid-based molasses purification method was developed, and 
resulted in a significant increase in furanic production. Further improvements in yield were made 
by dilution of the reaction matrix and addition of organic solvents. Dilution of the reaction matrix 
could be problematic due to processing considerations (e.g., extraction, reaction rate and 
volume), although these issues could be circumvented by the addition of organic solvents or the 
use of a flow reactor. 
  
7.2.6.1 Research Contribution 
This project has demonstrated for the first time that furanic production methods, such as the 
biphasic hydrolysis system developed by Mascal and Nikitin [23] is applicable to sugar 
manufacturing by-products (i.e., bagasse and molasses). The adoption of upgrading procedures, 
such as furanic production, by the Australian sugar industry could potentially lead to additional 
future revenue streams. 
Results from this project (Sections 4.5 and 6.5) show that it is beneficial to pretreat 
lignocellulosic biomass to enhance the industrial production of CMF. Pretreatment of 
lignocellulosic biomass to remove lignin and hemicellulose would allow upgrading of these 
fractions into value-added products. 
Extensive analysis of the biphasic hydrolysis by-products concluded that the solid 
residue could be used in combustion boilers to produce energy due to its high calorific heating 
value and low sulfur content. 
Data from this project have provided value information on the stability of CMF (Section 
4.5.3) which should impact the design of any potential industrial or research processes of this 
promising “green” platform chemical. 
A heterogeneous catalytic process for the production of HMF (Chapter 5) has been 
demonstrated, for the first time, using molasses and bagasse derived catalysts.  
A molasses purification method using formic acid in conjunction with the 
aforementioned catalysts was developed for the production of HMF. The production of HMF 
from molasses in good yields (Chapter 6) was made possible by the development of these 
methods. 
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7.3 FUTURE WORK 
Further research is needed in the broader context of the field of furanics, their context, and role 
within a bio-refinery. This will help to determine the processes, and the economic and 
environmental practicalities of biomass thermochemical hydrolysis methods. Data and results 
from the ongoing and active fields of; biomass pretreatment and furanic derivatisation will be 
critical to directing future furanic production research. 
 The ongoing and active field of biomass pretreatment and the results of such research 
will be critical to biorefining as a whole.  A more precise and detailed understanding of furanic 
formation mechanics, as well as derivatisation and degradation pathways would allow for further 
improvements of production processes, catalysts, reactors and surrounding transformation 
technologies. 
 Continued improvements in heterogeneous catalyst design, including acidic site 
concentration and type (Lewis or Brønsted), multiple active site type (i.e., acid, base, bonding or 
hydrolysis), pore inclusion/size and the use of nanomaterial catalysts, would also be highly 
informative. Information regarding the role of reaction conditions, such as pH, on the stability of 
furanics would allow for significant improvement of furanic production methods. 
 
7.3.1 Strong acid biphasic hydrolysis of biomass 
Additional studies of strong acid biphasic hydrolysis of biomass would likely include 
investigations into the practicalities (e.g., process, economic and environmental) and 
considerations of up-scaling and commercial development of the method. The stability, safety 
and other properties of bio-oils, and their main components require further scrutiny. Coupling 
with pretreatment or further derivatisation procedures and the context of furanics within a bio-
refinery should inform further work on this hydrolysis method and its products. The application 
of the system to other forms of carbohydrate-containing biomasses (e.g., other lignocellulosic 
plant material, such as the tops and leaves of sugar cane) would also be informative. 
 
7.3.2 Heterogeneous hydrolysis of biomass 
Further investigation into the developed heterogeneous biomass hydrolysis method would 
probably include an extension of this system to cellulose and, ultimately, to lignocellulosic 
material. This would likely require the incorporation of biomass liquefaction agents for use with 
lower value solid biomasses. Quantitative improvements in the method would also be desirable, 
and would likely include improvements in glucose (to fructose) isomerisation during hydrolysis, 
and furanic extraction or stabilisation. This could be informed by a more detailed understanding 
of the conditions and mechanisms affecting the target reaction. Recent research concerning 
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conditions such as pH and the role of buffers in the target reaction [456] should be built upon, 
and would probably result in extensive improvement of this and other methods. The role of 
buffers in the target reaction (and the stability of the products under these conditions) would 
probably inform the development of pretreatment techniques. The use of a non acid-based 
pretreatment method would allow for the combined use of solid acid and base catalysts [329], or 
the use of a solid catalyst containing both acidic and alkaline active sites [286], and could result 
in improvements in the target reaction. Pretreatment techniques could inform or be coupled with 
hydrolysis techniques, as exemplified by the use of chlorocuprate ionic liquid functionalisation of 
catalysts [475] (theoretically possible and yet to be applied to molasses- and bagasse-derived 
catalysts) for furanic production from lignocellulosic biomass. Further work on this hydrolysis 
method would benefit from being informed by the context of furanics within a bio-refinery. This 
would involve considerations of biomass and its possible pretreatment, as well as furanic 
extraction, storage or derivatisation. 
 
7.4 RESEARCH PUBLICATIONS 
Howard, J. and Doherty, W.O.S. (2013). An investigation into the production of 
chloromethylfurfural from bagasse and bagasse pulp, Proceedings of the Australian Society of 
Sugar Cane Technologists. [516] 
REPUBLISHED: Howard, J. and W.O. Doherty, An investigation into the production of 
chloromethylfurfural from bagasse and bagasse pulp. International Sugar Journal, 2014 (August 
2014): p. 74–79. [517] 
Howard, J., et al., Effect of pretreatment on the formation of 5-chloromethyl furfural 
derived from sugar cane bagasse. RSC Advances, 2016. 6(7): p. 5240–5248. [411] 
 
7.5 RESEARCH AWARD 
Denis Foster Chemistry Award at the 2013 Australian Society of Sugar Cane Technologists 
Limited (ASSCT) conference. The paper was also chosen for republication in the International 
Sugar Journal (see Section 7.4).  
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